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Work has been ongoing in building a thermody-
namic database for the prediction of phase
equilibria in Pt-based superalloys (1–4). The alloys
are being developed for high-temperature applica-
tions in aggressive environments. The database will
aid the design of alloys by enabling the calculation
of the composition and proportions of phases pre-
sent in alloys of different compositions. Currently,
the database contains the elements platinum, alu-
minium, chromium and ruthenium. This paper is a
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Work is being done at Mintek, the University of Leeds and the University of Bayreuth to
build up a platinum-aluminium-chromium-ruthenium (Pt-Al-Cr-Ru) database for the prediction
of phase diagrams for further alloy development by obtaining good thermodynamic descriptions
of all of the possible phases in the system. The available databases do not cover all of the
phases, and these had to be gleaned from literature, or modelled using experimental data.
Similarly, not all of the experimental data were known, and where there were gaps or
inconsistencies, experiments had to be undertaken. Apreliminary version of the database was
constructed from assessed thermodynamic data-sets for the binary systems only. The binary
descriptions were combined, allowing extrapolation into the ternary systems, and experimental
phase equilibrium data were compared with calculated results. Very good agreement was
obtained for the Pt-Al-Ru and Pt-Cr-Ru systems, which was encouraging and confirmed
that the higher-order systems could be calculated from the binary systems with confidence.
Since some of the phase models in earlier databases were different, these phases had to be
remodelled. However, more work is ongoing for information concerning the ternary phases
present in the Al-Cr-Ru, Pt-Al-Ru (two ternary compounds in each) and Pt-Al-Cr (possibly
more than three ternary compounds) systems. Later in the work, problems with the
thermodynamic descriptions of the Cr-Ru and Pt-Cr binary systems were found, and a
programme of experimental work to overcome these has been devised, and is being undertaken.
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revised account of work presented at the confer-
ence: Southern African Institute of Mining and
Metallurgy ‘Platinum Surges Ahead’ at Sun City,
South Africa, from 8th to 12th October 2006 (4).
Ever since the possibility of basing a new series
of alloys on platinum was seen (1), work has been
ongoing at Mintek, Fachhochschule Jena and
Bayreuth University, Germany, with input from
the National Institute for Materials Science
(NIMS), Japan. Experimental work in this field is
time-consuming and very expensive in terms of
equipment, materials and expertise. A number of
important commercial alloy systems, such as steels,
nickel-based alloys, and aluminium alloys now
have thermodynamic databases which have been
derived from copious experimental results pub-
lished by experts. These databases can be used
with appropriate software to calculate phase dia-
grams, phase proportion diagrams, and Pourbaix
diagrams. They can be used instead of experimen-
tation, saving both time and money. A similar
database is being derived within this programme,
so that it will facilitate further alloy development,
and also be a tool to help designers to select alloy
compositions and conditions in the future.
However, steels, nickel-based and aluminium
alloys have been used extensively, and there are
more data and accepted phase diagrams for these
systems than for Pt alloys. As inputs to the Pt-
based database, there are fewer commercial alloys,
experimental data, and very few accepted ternary
systems. There are problems even with some of
the binary systems. Thus, part of this work includ-
ed the study of phase diagrams to address the lack
of data, and to use these data to compile a thermo-
dynamic database. Since the basis of the alloys is
the Pt84:Al11:Cr3:Ru2 alloy, the thermodynamic
database will be built on the Pt-Al-Cr-Ru system.
The Scientific Group Thermodata Europe
(SGTE) database (5) includes all the elements and
some of the most commonly used phases, i.e.
those that are industrially important, but contains
few of the required Pt phases. Additionally, the
ruthenium data have been updated to capture
Ansara’s modification, to obtain a better estimate
of the calculated melting temperature for (hypo-
thetical) b.c.c.-Ru (6) than hitherto. Although there
is a database for precious metals (7) it is not suffi-
ciently complete for the purposes of this
investigation, and does not contain all the elements
of interest to this study, or all the phases.
Additionally, not all the phase descriptions neces-
sary are present in Spencer’s database. The Al-Cr
system has also been independently assessed (8),
although some of the phases might ultimately be
modelled a different way by this group.
The phase diagram programs (e.g. Thermo-
Calc
TM, MTDATA and Pandat) comprise the
software itself, accessed in modules through a
main interface, and a series of databases where the
structural and thermodynamic data are stored. In
these databases, each phase is described by a series
of parameters. The SGTE database covers the
phases of only the most common and well known
systems, and all the stable elements (5). The inter-
metallic phases in the Al-Ru and Pt-Al systems are
not included in the SGTE database. Providing that
the elements are available in a database (and all of
the stable elements are in the SGTE database, or
other available databases), a phase diagram can be
calculated and drawn. However, if there is no
description for a particular phase, then the calcu-
lated phase diagram cannot include it. A given
database can be modified to include new phases, or
run in conjunction with another database. The aim
of this programme is to develop a database specif-
ically for the Pt-rich alloys in this investigation.
Prior to building a database, it must be known
which phases need descriptions. Information on
the elements, and on any phase that is already
included in the SGTE database (5), can be
accessed from that database. For phases that are
not represented by the SGTE database, a number
of factors must be taken into consideration. Firstly,
the structure of the phase has to be decided,
including the number of lattice sites for the atoms,
and which particular atoms fit on the sites. Each
phase is modelled with sublattices, and each sublat-
tice usually corresponds with a type of atom
position. Elements allowed in a particular sublat-
tice are those actually found in those positions by
crystallographic measurement. This information is
usually derived from X-ray diffraction (XRD)
structural information and composition ranges,Platinum Metals Rev., 2007, 51, (3) 106
and is usually made to be as simple as possible.
Next, some values have to be obtained for the
interaction parameters. Initial values may be
guessed, or the parameters set to zero, and the user
can decide which parameter can be varied during
optimisation. In preparing for optimisation, exper-
imental data are compared against the
thermodynamic description, which is adjusted to
best fit the experimental data. A ‘pop’ file is creat-
ed which contains the experimental data (these can
include phase compositions in equilibrium with
each other at known temperatures, reaction infor-
mation, enthalpies, etc.). Then optimisation can be
conducted. Thermo-Calc
TM uses the information
in the pop file and, through iteration, calculates the
parameters required (those that were set to be var-
ied) to best fit the data in the pop file. The result
of this process is the incorporation of new phases,
which now have parameters that can be used to
calculate a phase diagram that agrees with the
input data.
Optimisation is the iterative process in which
selected expressions of the thermodynamic
descriptions are allowed to vary so that agreement
with the experimental results is improved. The
optimisation was carried out with the PARROT
module (for the assessment of experimental data,
and establishment of thermodynamic coefficients)
(9) of the Thermo-Calc
TM software (10). With this
module, the Gibbs energy functions can be
derived by a least-squares fit to experimental data.
Different types of experimental data can be used,
with weightings assigned on the basis of the uncer-
tainties associated with the original data. Once
calculated phase diagrams that agree with the
experimental data are obtained, and the thermody-
namic descriptions have been rationalised, the
base systems will be complete. Selected important
binaries were optimised first, for example, Al-Ru
(11) and Al-Pt (12). More work has to be carried
out on the Al-Pt system because there is no
description for the two major Pt3Al phases. Since
these phases are crucial to the programme, they
have to be modelled satisfactorily, before incorpo-
ration into the main database. Once each binary
system has been modelled satisfactorily, it can be
added into the ternary systems, after which each
ternary system must be optimised individually.
This is done using the experimental data, either
drawn from the literature, or, as was mostly the
case, derived experimentally within the pro-
gramme at the University of the Witwatersrand
and Mintek (for Al-Cr-Ru (13, 14), Pt-Cr-Ru (15,
16), Pt-Al-Cr (17, 18) and Pt-Al-Ru (19)) or the
CSIR and Mintek (for Pt-Al-Ru (20)). Only once
the ternaries have been finalised can they be com-
bined for the Pt-Al-Cr-Ru quaternary. The
Thermo-Calc
TM database will then be optimised
against some quaternary alloys that have already
been made for the alloy development work (2–4).
Once this stage is complete, then the other small
additions, to improve the properties (as in nickel-
based superalloys), can be included in the
optimisation. It is envisaged that the very final
stage will be focused on the optimisation of only
the important phases: at least the cubic and tetrag-
onal structures of ~ Pt3Al, (Pt), ~ Pt2Al and (Ru).
Here, (Pt) and (Ru) denote combinations of four
atoms of the elements in the four-compound sub-
lattice formalism (4CSF); arithmetically, Pt4 and
Ru4, respectively.
The Pt-Al-Cr-Ru system is optimised by study-
ing the four-component ternary systems. The
reason for undertaking an optimisation of whole
ternaries rather than portions of them is that there
are very few data available for the system, and any
thermodynamic model needs to be valid over the
complete range of compositions in the base sys-
tem before the minor components can be added.
If only a small region is to be optimised (e.g. the
region between the (Pt) and Pt3Al phases only),
then it is likely that although the model would be
sufficiently good locally, the fit would either be
very erratic or the calculations would not be capa-
ble of converging when new elements were added,
or other elements added beyond their original
compositions. (This phenomenon is well known
for Thermo-Calc
TM and has been experienced at
Mintek for copper additions in duplex stainless
steels (21).) Thus, the ternary systems for the Pt-
Al-Cr-Ru quaternary will be studied in full to
provide a sound basis for the computer database.
The Pt-Al-Cr-Ru system is shown schematically in
Figure 1.Platinum Metals Rev., 2007, 51, (3) 107
Using the Compound Energy
Formalism Model
At the beginning of the programme, it was
assumed that the six binary phase diagrams report-
ed by Massalski (22) were correct, but it was
realised after subsequent ternary work that this
assumption was wrong. For the ternary systems,
experimental work has already been completed for
Al-Cr-Ru (13, 14), Pt-Cr-Ru (15, 16), Pt-Al-Ru (19,
20), and is nearly complete for Pt-Al-Cr (17, 18).
Some quaternary alloys have already been
addressed (3, 4), but any new alloys chosen will
probably be located only within the Pt-rich corner.
The aim is to input results from the phase diagram
work, together with enthalpies from the single-
phase or near single-phase compositions from the
University of Leeds (23), for optimisation. There
will also be inputs from ab initio work from the
University of Limpopo, South Africa, on
enthalpies of formation for the Pt3Al (24) and Cr-
Ru (25) phases. Additionally, the transmission
electron microscopy (TEM) results will be utilised
in changes to modelling, especially of the ~ Pt3Al
phase (26–28). The Pt-Al-Cr-Ru system needed to
be thoroughly researched through experimental
work, so that the phases could be realistically
described (to be as true to their crystallographic
form as possible, so that any additional elements
could be correctly incorporated) and then opti-
mised using the software. Only then can the other
elements be added to the database descriptions.
These will be the additional elements, added in
smaller proportions to ‘tweak’ the metallurgical
properties of the systems. These will include at
least cobalt and nickel. Experimental work has
included the phase investigations alluded to above.
Studies of as-cast alloys were done to determine
their solidification reactions (13–15, 20). The solid-
ification reactions and the temperatures at which
they occur (found by differential thermal analysis
(DTA)) are important inputs to the phase diagram
programs. The as-cast alloy samples were also
heat-treated at 600ºC and 1000ºC (16), then
analysed so that the phase compositions at known
temperatures could be input.
Ruthenium-Aluminium
Initially, a simplified version of the four-com-
pound sublattice formalism (4CSF), a version of
the compound energy formalism model (29),
which models different combinations of the
atoms, was used for the RuAl phase (11). This
worked very well for the Al-Ru system, as is shown
in Figures 2(a)–(c), where the calculated diagram is
compared both with that of Boniface and Cornish
(30, 31) and with a phase diagram by Mücklich and
Ilic (32) which was published subsequently to the
calculated work. The RuAl (B2) phase was actually
described by two different models: the compound
energy formalism (CEF), which is a simplified
form of the 4CSF model, and is designated SL (for
sublattice model) in Figure 2, as well as the modi-
fied sublattice formalism (MSL), which describes
the order-disorder transformation with one Gibbs
energy function. The MSL model allowed a wider
RuAl phase field (by giving more flexibility in atom
positions), which is closer to experimental find-
ings. The RuAl6 phase was described as a
stoichiometric phase (i.e. ‘line compound’, with no
composition range), and the other intermetallic
phases (Ru4Al13, RuAl2 and Ru2Al3) were modelled
with the sublattice model. The solubility of Ru in
(Al) was considered negligible. The coefficients
were also within a range comparable to those of
other phases in other systems.
It will be noticed that the two experimental
phase diagrams are very similar, except for the sta-
bility of the Ru2Al3 phase, and the appearance of
the Ru2Al5 phase. Boniface had observed a similar
phase, but attributed it to being a ternary phase
because it was found only with zirconium and
Fig. 1  Schematic diagram of the Pt-Al-Cr-Ru system,
showing four ternary systems and six binary systems
Pt
Cr
Al
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silicon impurities (33). Differences in the experi-
mental phase diagrams are due to the use of
different techniques. Boniface and Cornish (30,
31) studied both as-cast and annealed samples, and
the as-cast specimens showed that Ru3Al2 solidi-
fied at higher temperatures than RuAl2. Annealed
samples (32) are less likely to show this feature.
Since data from the experimental diagram are used
to optimise the calculated phase diagram, the latter
should agree with the former. Where there are dif-
ferences, this is usually due to the mathematical
model not allowing flexibility, or sometimes too
much flexibility for complex models with limited
data. In some cases, simpler models have to be
used because there are insufficient data for all the
parameters required by a more complex (but
potentially more accurate) model.
Platinum-Aluminium
At the outset of the programme, there were
two conflicting phase diagrams: those of McAlister
and Kahan (34) and Oya et al. (35). The major dif-
ference, which was very important to the
development of the Pt-based alloys using the 
~ Pt3Al precipitates in a (Pt) solid solution, was the
phase transformations in the ~ Pt3Al (γ′) phase,
and the number of types of the ~ Pt3Al (γ′) phase.
McAlister and Kahan (34) reported one transfor-
Fig. 2  Comparison of the Al-Ru phase
diagrams: (a) calculated (11) (Courtesy of
CALPHAD; MSL: modified sublattice model;
SL: sublattice model)
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Boniface and Cornish (31) (Courtesy
of Elsevier Science)
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mation of the high-temperature Pt3Al phase from
L12 (γ′) to a tetragonal low-temperature variant
(designated D0′c) (γ′1) at ~ 1280ºC. However, Oya
et al. (35) observed the highest transformation
γ′ → γ′1 at ~ 340ºC, and gave an additional trans-
formation γ′1 → γ′2 at 127ºC. Previous attempts to
resolve this conundrum by scanning electron
microscopy (SEM), XRD and DTA had been
unsuccessful, although Biggs found peaks at 311 to
337ºC and 132ºC for different composition sam-
ples using DTA (36). Recent work (4) using in situ
heating in a TEM showed that the diagram of Oya
et al. (35) was more correct, although there is a pos-
sibility that very minor impurities are responsible,
since the different workers sourced their raw mate-
rial differently. The Pt-Al system had been
calculated by Wu and Jin (37) using the 
CALPHAD method, but there was a need for
reassessment (12) because they considered only
one Pt3Al phase, i.e. they did not reflect the order-
ing in the Pt3Al phases. This needs to be done
using a model that allows ordering to be calculated
(described below). Wu and Jin did not include the
PtAl2 or β phases, owing to a lack of experimental
data. A study of Pt-Al-X ternaries (where X = Ru,
Ti, Cr, Ni) confirmed the presence of the Pt2Al
phase (19, 36). Experimental work on the Pt-Al-Ru
ternary confirmed the presence of the β phase in
the Al-Pt binary (20).
Initially, the four-compound sublattice formal-
ism (4CSF) was applied. This models different
combinations of four atoms of two different ele-
ments, for example: (A) (arithmetically A4), A3B,
AB (arithmetically A2B2), AB3, and (B) (arithmeti-
cally B4) where at least two of these appear in a
system. This method was used for the (Pt) and
Pt3Al phases (12), because this model had been
used in the development of the nickel-based super-
alloy database (38, 39).
However, when the 4CSF model was applied to
the Pt-Al system (12), the results were less success-
ful, mainly because there were very few data, and
the system was more complex. The intermetallic
compounds Pt5Al21, Pt8Al21, PtAl2, Pt2Al3, PtAl,
Pt5Al3 and Pt2Al were treated as stoichiometric
compounds. The β phase was assumed to be stoi-
chiometric, since very little experimental
information was available, and was treated as
Pt52Al48. The phase diagram shown in Figures
3(a)–(c) appears to agree with that of Massalski
(22), which is actually from McAlister and Kahan
(34), but the 4CSF model did not produce the dif-
ferent Pt3Al phases. The calculated compositions
and temperatures for the invariant reactions of the
Fig. 2(c)  Comparison
of the Al-Ru phase
diagrams: Experimental
by Mücklich and Ilic
(32) (Courtesy of
Elsevier Science; EDS:
energy dispersive
spectroscopy; WDS:
wavelength dispersive
spectroscopy; reference
numbers are as cited in
Reference (32))
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intermetallic phases are generally in good agree-
ment with those reported from experiment.
However, there are some areas in less good
agreement, in most cases for reasons inherent in
the models being used.
Calculated results for the congruent forma-
tion of the Pt3Al phase and L → Pt3Al + (Pt)
eutectic reactions are not in very good agree-
ment with the experimental diagram, as both
reactions are shifted to lower platinum compo-
sitions in the calculated system. The 4CSF
model is such that the formation composition of
Pt3Al is fixed at 75 at.%, whereas the phase has
been reported in the literature to form congru-
ently at 73.2 at.%. This non-stoichiometric
formation cannot be described with the model,
Fig. 3  Comparison of Al-Pt phase
diagrams: (a) calculated (12)
Fig. 3(b)  Comparison
of Al-Pt phase
diagrams: Experimental
from Massalski (22)
(Courtesy of ASM
International; LT: low
temperature structure)
(McAlister and Kahan
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and had consequences for the temperature as
well as the enthalpy of formation for the Pt3Al
phase. The symmetry and fixed compositions
assumed in the 4CSF model also made it diffi-
cult to fix the eutectic reaction to lower Pt
contents in the calculation. Furthermore, the
phase area of the (Pt) solid solution is too nar-
row, especially at lower temperatures, although
the phase area for the Pt3Al phase is acceptable.
However, the Pt3Al phase is ordered throughout
its phase area. The unstable PtAl3 (L12) and
Pt2Al2 (L10) phases, which are introduced
through the 4CSF model, are not stable at any
composition or temperature in the phase dia-
gram, which is correct. Further work on this
system was postponed until more data to
describe the (Pt) and Pt3Al phases had been
obtained. Currently, the Pt-Al binary is being
investigated at Mintek using the Nova
NanoSEM, and good results are being obtained
(40). The data from these alloys will be used to
optimise the Pt3Al phase in the Pt-Al binary.
Platinum-Aluminium-Ruthenium
The resulting database files from the Ru-Al, 
Pt-Al and Pt-Ru systems were added and the phase
diagram was plotted, as an extrapolation from the
binary systems, without any ternary interaction
parameters or optimisation with ternary data (41).
There were problems in the calculation of isother-
mal sections; these arose because the current
models were not sufficiently robust to allow for
extension into the ternary. However, the liquidus
projection showed very good agreement with the
experimental projection (Figures 4(a)–(b)).
Obviously, the two ~ Pt18Al18Ru64 and 
~ Pt12Al15Ru73 ternary phases (20) were not calcu-
lated, because data for these were not input. The
stability of the Pt2Al phase was calculated as too
high in the ternary, because it solidified from the
melt as a primary phase, which rendered the liq-
uidus inaccurate for that region. This was probably
because of the inadequacies of modelling the 
phases, which resulted in Pt2Al being shown as
too stable.
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(c)Chromium-Platinum
An assessment by Oikawa et al. (42) showed
that the values for the two eutectic temperatures in
the Cr-Pt binary should be reversed when com-
pared with those results (22), as shown in Figure 5.
Oikawa et al.’s conclusion was initially thought to
be wrong, even considering that the original tem-
perature data were very close (within 30 ± 10ºC).
Thus, when work began on the Cr-Pt system, the
work of Oikawa et al. (42) was ignored and the
4CSF model was used on the (Pt), Pt3Cr and PtCr
ordered phases (43). However, more data were
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required for the 4CSF model than were available,
and consequently the fit was very poor (22).
Subsequently, results from experimental work on
the Cr-Pt-Ru, Al-Cr-Pt and Cr-Ni-Pt ternary sys-
tems also agreed with the findings of Oikawa et al.
(42), and those parameters are being used until
subsequent experimental work indicates that a
revision is necessary.
Chromium-Ruthenium
For the Cr-Ru system, there was no previous
assessment, and the first calculation once again
used the 4CSF model. Reproducibility was poor
because the model was too complex for the data
available. Further work and an extrapolation of
the Pt-Cr, Cr-Ru and Pt-Ru binaries (the latter
from Spencer’s database (7)) demonstrated rather
that the calculations were poor (44) although the
fit with the ternary Pt-Cr-Ru liquidus was reason-
able. It was evident that another form of
modelling was required. Subsequently, it was
revealed (45) that there were problems with
Massalski’s (22) phase diagram, and two alloys
were manufactured to study the sequence of reac-
tions in the Cr-Ru binary. The Cr-Ru system is
very difficult to study experimentally because the
diffusion rates are very low (large atoms and high
melting points), and Cr oxidised easily on 
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protracted annealing, despite precautions.
However, this work is ongoing.
Conclusion
Although good results were obtained for Ru-Al
using the 4CSF representation for RuAl, there were
insufficient data to obtain good results for the
other systems since more phases were represented
in each system. A different approach was needed
with simpler representation to allow for sparse
data. The use of simpler thermodynamic models to
treat binary and ternary alloys will be reported in
Part II of this series of papers, to be published in a
future issue of Platinum Metals Review.
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2-Ethylhexanol (2EH) is the most widely used
(‘workhorse’) plasticiser alcohol, and butanols –
the normal and iso isomers – are used as solvents
or chemical intermediates. Both 2EH and
butanols are derivatives of butyraldehyde made
from propylene by hydroformylation. From the
early 1940s until the early 1980s, the world’s major
producers of 2EH and butanols operated propy-
lene hydroformylation (often termed ‘oxo’)
processes for producing the required butyr-
aldehyde using a cobalt catalyst system. This deliv-
ered poor conversion and low selectivity of the
principal feedstock, propylene, to the desired
products, in complex and cumbersome plants
operating at high pressure.
The ‘Low Pressure Oxo’ process (LP Oxo
SM
Process) was developed and then licensed to the
oxo industry through a tripartite collaboration
beginning in 1971. The principals were Johnson
Matthey & Co. Ltd. (now Johnson Matthey PLC),
The Power-Gas Corporation Ltd. (a former name
of Davy Process Technology Ltd., now a sub-
sidiary of Johnson Matthey PLC) and Union
Carbide Corporation (now a subsidiary of The
Dow Chemical Company). Using rhodium-based
catalysis, the LP Oxo
SM Process offered such great
economic advantages over the established cobalt-
catalysed processes, as well as technical elegance,
that many cobalt systems were replaced by brand
new plants. In the thirty years or so since the LP
Oxo
SM Process was first introduced, it has main-
tained its position as the world’s foremost oxo
process, having undergone much improvement
and refinement. About two thirds of the world’s
butyraldehyde is now produced in LP Oxo
SM
plants. Most LP Oxo
SM systems are licensed
Enhancement of Industrial
Hydroformylation Processes by the
Adoption of Rhodium-Based Catalyst:
Part I
DEVELOPMENT OF THE LP OXO
SM PROCESS TO THE COMMERCIAL STAGE
By Richard Tudor* and Michael Ashley
Davy Process Technology Ltd., 20 Eastbourne Terrace, London W2 6LE, U.K.; *E-mail: dick.tudor@davyprotech.com
The adoption of a low-pressure rhodium-based catalyst system in place of high-pressure cobalt
for the hydroformylation of propylene by reaction with carbon monoxide and hydrogen to
produce butyraldehydes (an ‘oxo’reaction) has brought large cost benefits to oxo producers.
The benefits derive from improved feedstock efficiency, lower energy usage and simpler and
cheaper plant configurations. The technical and commercial merits of the ‘LPOxo
SM Process’
for producing butyraldehydes have made it one of the best known applications of industrial-
scale chemistry using a platinum group metal (pgm). Today, practically all butyraldehyde is
made by rhodium catalysis, and this should provide convincing encouragement to researchers
who are keen to exploit pgms as catalyst research materials, but are apprehensive as to the
implications of their very high intrinsic value. It should also encourage developers and designers
responsible for turning pgm chemistry into commercial processes, who may be daunted by
problems such as containment and catalyst life. This article (Part I) reviews the background
to the LP Oxo
SM Process, and its development to the point of first commercialisation.
Part II, covering some of the key improvements made to the process and its use in non-propylene
applications, will appear in a future issue of Platinum Metals Review.
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DOI: 10.1595/147106707X216855plants, nearly all of which have been built under
licences granted by Davy Process Technology (1)
working in cooperation with The Dow Chemical
Company (2); the remainder are plants owned and
operated by Dow’s Union Carbide subsidiary (3).
This article (Part I) reviews the background to
the LP Oxo
SM Process, addressing some of the
challenges that faced its developers and designers
in planning the first commercial plant, and during
the period immediately following commercialis-
ation. Insights are given on the chemical function
of the homogeneous liquid-phase catalyst system.
In Part II, some examples of advancements of the
technology in the years following the first round
of licensing will be outlined.
The Beginnings of the Development
Commercialisation of the LP Oxo
SM Process
was the culmination of an intensive joint effort in
chemistry and engineering by the three compa-
nies, dating back to 1964. Early exploratory work
by the chemicals producer Union Carbide in the
U.S.A. demonstrated promise for rhodium coordi-
nation complexes in solution as hydroformylation
catalysts at low pressure, yielding a high propor-
tion of the straight-chain aldehyde product and
with high enough catalyst productivity to justify
examining the commercial potential of rhodium.
The company obtained a basic patent for this
work in 1970 (4). In operating a number of high-
pressure oxo plants, Union Carbide had become
very familiar with cobalt systems and their short-
comings, and viewed the potential for rhodium
with guarded excitement. At that time, all industri-
al oxo production used the classic high-pressure
cobalt process described below, or a modifi-
cation of it.
Meanwhile, independent research by the late
Professor Sir Geoffrey Wilkinson (5–7) (later to
win a Nobel Prize for Chemistry) at Imperial
College, London, supported by the precious metal
refiner and processor Johnson Matthey, produced
results using a suitable coordination complex of
rhodium (e.g. (5)) which basically reproduced or
complemented the Union Carbide findings.
Johnson Matthey in turn approached The Power-
Gas Corporation (now Davy Process Technology).
The engineering contracting company drew on its
strong background in process engineering to
investigate the commercial potential for a low-
pressure route to butyraldehyde. With the
publication of patents by Union Carbide (e.g. (4))
and Johnson Matthey (e.g. (5)), the three parties
realised that they had a common interest, so in
1971 they launched a joint development pro-
gramme to convert the laboratory rhodium-oxo
chemistry into a commercial process with a view
to exploiting its technical merit.
The focus of the collaboration was a process
for the hydroformylation of propylene using a mix-
ture of carbon monoxide and hydrogen (in the
form of synthesis gas) to produce normal
butyraldehyde and iso-butyraldehyde according to
Reaction (i):
2CH3CH=CH2 + 2CO + 2H2
→ CH3CH2CH2CHO + (CH3)2C(H)CHO (i)
normal butyraldehyde     iso-butyraldehyde
The normal butyraldehyde isomer is usually
more highly valued than iso-butyraldehyde. A
much improved normal-to-iso yield ratio observed
in the laboratory with rhodium catalysis, as com-
pared with the then-current commercial cobalt
systems (i.e. about ten as opposed to typically
between three and four) was unquestionably a key
driver for collaborative development. The high
selectivity of conversion of propylene to normal
butyraldehyde has since become a hallmark of the
LP Oxo
SM Process.
The collaborators’ success in exploiting their
development efforts (8) would eventually result in
the LP Oxo
SM Process becoming the technology
of choice for many of the world’s oxo producers,
with whom Davy Process Technology negotiated
licences on behalf of the collaborators. The high
reputation which the process would acquire
because of its operating excellence and low
production costs, and a sustained growth in the
markets for the end products, drove investment in
continuing research and process development
programmes aimed at improving the technology
to ensure the long-term sustainability of
the process.
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The Uses and Market for
Butyraldehyde
The major use of butyraldehydes was, and still
is, for the production of 2EH and butanols; see
Figure 1. Normal butyraldehyde has always been
the more valuable of the two aldehyde isomers,
because unlike iso-butyraldehyde, it can be used to
produce 2EH, by a sequence involving an aldol
condensation reaction followed by hydrogenation
of the aldol product. Furthermore, normal
butanol, produced by the direct hydrogenation of
normal butyraldehyde, usually offers solvent and
derivative value superior to that of iso-butanol.
The world production levels of 2EH and normal
and  iso-butanols combined are presently about 
2.5 million and 4.5 million tonnes respectively (9).
In today’s marketplace, butanol and its deriva-
tives have gained prominence from the long-term
growth potential of water-based coatings (such as
indoor paints), driven by environmental consider-
ations, with demand for butyl acrylate and
methacrylate esters particularly strengthened by
this trend. Meanwhile, most of the world’s 2EH is
esterified with phthalic anhydride to produce 
di(2-ethylhexyl) phthalate (DEHP), often referred
to as dioctylphthalate or DOP, a plasticiser in wide
use for the production of flexible PVC. DOP has
been around for a long time, and its market is
somewhat mature. Increasing amounts of 2EH
are, however, being esterified with acrylic acid to
produce 2-ethylhexyl acrylate, used for adhesives,
resins for latex, paper coatings and textile finish-
ing. 2EH is also used to produce 2-ethylhexyl
nitrate, a diesel fuel additive, and also lubricant
additives. Propylene hydroformylation is increas-
ingly being used as the first step in the production
of 2-ethylhexanoic acid, the wide applications of
which include alkyd resins and adhesives for lami-
nated glass. Therefore, the range of product
applications linked to propylene hydroformylation
is increasing, and the growth in global demand for
butyraldehyde is between about 2% and 3% per
year.
The Classic Cobalt ‘Oxo’ Route
In 1938, the German chemist Otto Roelen,
working in the laboratories of Ruhrchemie AG,
discovered that it was possible to react a mixture
of carbon monoxide and hydrogen with an olefin
to form products containing oxygen. Roelen’s ini-
tial work identified aldehydes and ketones in the
product, and the reaction was named the ‘oxo’
reaction. Later work established that using olefins
other than ethylene, the product is principally an
aldehyde, with very little ketone formation, and
the reaction was renamed ‘hydroformylation’.
Both names are in common use, but ‘oxo’ has
become the more convenient and more interna-
tionally recognisable name.
The process was commercialised in Germany
during the early 1940s, and was then widely used
throughout the world from the late 1940s
onwards. The classic oxo process uses a cobalt cat-
alyst in solution, operating at very high pressure in
the range 200 to 450 bar and at temperatures in the
range 140 to 180ºC. The active compound is
cobalt hydridocarbonyl HCo(CO)4. A very high
CO pressure is needed to ensure catalyst stability
during hydroformylation. The catalyst has to be
decomposed before the reaction product can be
recovered; therefore the process involves a cum-
bersome and costly catalyst recovery cycle. Using
propylene as feedstock, the ratio of normal to iso
products is typically between about three and four,
Propylene
Syngas
LP Oxo
SM
n-Butyraldehyde
n- + iso-Butyraldehyde
Aldolisation Hydrogenation
Hydrogenation
Hydrogen
Hydrogen
Product refining
Product refining
2-Ethylhexanol
n-Butanol
iso-Butanol
Fig. 1  Schematic showing the production of oxo alcohols from propylene by the LP Oxo
SM Processand the severe operating conditions mean that
there is a high level of byproduct formation.
Derivatives of butanol present in the reaction
product could adversely affect the environmental
impact of the process. The two or three high-
pressure cobalt plants remaining in operation for
producing 2EH and butanols are very inefficient.
They require considerable operator attention, are
costly to maintain, and leave a poor impression on
the environment.
A modification of the classic cobalt process
was commercialised in the 1960s, using as the 
catalyst cobalt hydridocarbonyl trialkylphosphine,
HCo(CO)3PR3. The process operates at a lower
pressure than the ‘classic’ process (around 50 bar),
although a higher temperature is needed. With
propylene, the product shows much-improved lin-
earity, the normal-to-iso ratio being around seven.
The better selectivity to normal butyraldehyde is,
however, partly offset by an increase in reaction
byproducts and an unavoidable production of
alcohols during oxo synthesis.
The Appeal of Rhodium-Catalysed
Hydroformylation
The first commercial plant to employ the
LP Oxo
SM Process to produce butyraldehydes suc-
cessfully started up in 1976. It was built by Union
Carbide at its petrochemical complex at Ponce,
Puerto Rico, with a capacity of 136,000 tonnes per
annum. As a result, the collaborators saw much
interest in the technology from both existing and
new oxo producers. By the end of 1982, Davy
Process Technology had licensed and designed ten
LP Oxo
SM plants that were built around the world.
Several advantages of the LP Oxo
SM Process
appealed at that time. The high activity and good
stability of the rhodium catalyst meant that it was
not necessary to use the very high pressures need-
ed with cobalt to retain catalyst integrity. The
LP Oxo
SM Process operated at less than 20 bar,
and a lower reaction temperature of between 90
and 100ºC resulted in less byproduct formation.
The lower temperature also brought other advan-
tages over cobalt catalysis. Overall, the product
mix from the reaction was much ‘cleaner’ and free
of many of the components formed using cobalt
chemistry. For example, the absence of butanol in
the product meant that esters and acetals were not
formed – unlike with the cobalt process, for which
special measures were often needed to reduce their
environmental impact. With LP Oxo
SM, the
product could be worked up using a much simpler
system and, very significantly, the selectivity of
conversion of propylene to the preferred normal
butyraldehyde was much better than with cobalt,
the normal to iso ratio being improved about three-
fold. These characteristics meant that propylene
could be converted to normal butyraldehyde more
effectively and efficiently than had hitherto been
possible. The lower operating pressure compared
with cobalt eliminated or reduced the need for
compression of the incoming synthesis gas, and
with a simpler distillation system needed to work
up the product butyraldehyde, overall energy
demand was reduced.
In the thirty years since rhodium was first used
commercially in hydroformylation, rhodium chem-
istry of one form or another has been adopted to
meet at least 95% of world butyraldehyde demand.
First- and subsequent-generation LP Oxo
SM plants
account for more than 60% of this; see for exam-
ple Figure 2. (It is believed that the only remaining
cobalt-based butyraldehyde production plants are
in Russia, all other cobalt plants having been shut
down, with many of them being replaced by 
LP Oxo
SM plants.) Rhodium catalysis has also made
inroads into non-propylene hydroformylation
applications, and the possibilities here may well
increase with time. Some of these applications will
be discussed in Part II.
How the LP Oxo
SM Process was
Developed
The active catalyst used in the LP Oxo
SM
Process is a hydridocarbonyl coordination com-
plex of rhodium, modified with triphenyl-
phosphine (TPP) ligand. The catalyst is formed,
under process conditions, from rhodium
acetylacetonato carbonyl triphenylphosphine
(Rh(acac)(CO)PPh3 or ‘ROPAC’), or a suitable
alternative catalyst precursor. From the outset, the
process concept involved a homogeneous liquid-
phase catalyst, in which the active catalyst species
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reactants and reaction products, that is, normal and
iso-butyraldehyde and high-boiling aldol condens-
ation byproducts. The beauty of this route is that
no extraneous solvent is necessary. A characteristic
of fully mixed homogeneous catalyst systems is
that short molecular diffusion ranges encourage
high reaction rates. These were achieved at labora-
tory scale, suggesting that rhodium concentrations
in the low hundreds of parts per million (ppm)
would be suitable. This in turn implied affordable
rhodium inventories for commercial-scale plants,
provided that the rhodium could be sufficiently
protected from poisoning and that excessive
deactivation could be avoided.
In the early stages of development, Union
Carbide needed to relate the rates of propylene
hydroformylation and of the main byproduct-
forming reaction, i.e. the hydrogenation of
propylene to propane, to the main process vari-
ables. A statistical approach was used to design a
set of laboratory experiments to develop kinetic
models to determine these relationships. Models
were also developed for the rate of formation of
heavy byproducts resulting from aldehyde conden-
sation reactions. Drawing upon these
mathematical models, Davy Process Technology
was able to optimise relationships among equip-
ment size and cost, reactant concentrations,
feedstock consumption, and rhodium inventory,
seeking the lowest possible overall produc-
tion cost.
The Design of the First Commercial
Process
A key challenge to the developers and designers
of a first commercial LP Oxo
SM Process, resulting
from the intrinsic characteristics of the homoge-
neous catalyst system, was how best to separate the
butyraldehyde product from the reaction mixture.
The solution adopted needed to address key fac-
tors such as losses of unrecoverable reactants and
product, energy usage and capital cost. There were
however two very important additional considera-
tions that were directly linked to the use of a pgm
of high intrinsic value: firstly, rhodium contain-
ment, and secondly, the impact of process design
on catalyst stability and catalyst life. For the for-
mer, the physical loss of even relatively small
amounts of rhodium had to be avoided. As to the
latter, much care had to be applied to the design of
the complete catalyst system, including the facili-
ties needed for preparing, handling, treating and
processing the raw materials and the various
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Fig. 2  2-Ethylhexanol plant built by Sinopec Qilu Petrochemical Co. Ltd., China,
employing the LP Oxo
SM Processrhodium-containing streams. The object was to
avoid design measures that might unduly harm the
catalyst, thus shortening its useful life.
At the outset of commercialisation, there was
considerable uncertainty as to the likely lifetime of
a rhodium catalyst charge in a commercial plant.
Moving up from the laboratory to industrial scale
was not seen in itself as significantly influencing
catalyst life; the more salient issue was that during
laboratory testing, it had not been possible to
replicate completely the operating regime to which
the catalyst system would be subjected in a com-
mercial plant, due to various limitations, and this
introduced its own uncertainties. Only a certain
amount could be learned in the laboratory about
the tendency for the catalyst to lose activity.
It was recognised, for example, that the catalyst
stability observed in small-scale rigs using high-
purity feedstocks could not reflect the effects on
catalyst life of impurities present in commercial
feedstocks. Nor, with the limitations of rig design
and scope, would it be possible to simulate the
long-term effects on the catalyst of operating con-
ditions that could well occur in the plant but
cannot be reproduced in the laboratory. Such con-
ditions might negatively impact catalyst life. The
predictive models for deactivation rates based on
laboratory studies therefore had their limitations,
and considerable further effort would be needed
here as the technology developed. Despite the
uncertainties, the conceptual process design for
the first commercial application of the LP Oxo
SM
Process built in as much protection for the rhodi-
um as was thought desirable. The degree of
protection was based on the known science, or,
where there were large gaps in knowledge, on what
was considered intuitively correct, in either case
bearing in mind capital cost constraints.
The fact that the rhodium catalyst used in
small-scale rigs was not seeing representative com-
mercial feedstocks, and the concerns this raised
with respect to catalyst life, had to be addressed
before the flowsheet for a commercial plant could
be outlined. Early poisoning studies in the labora-
tory by Union Carbide had concluded that the
propylene and synthesis gas mixtures produced in
industrial-scale plants were likely to contain impu-
rities that could either poison the rhodium or
inhibit its performance. To put that problem into
perspective, it is useful to look at some data for the
scale of butyraldehyde production that was then
being contemplated: based on predictive models
generated from laboratory results, a commercial
plant designed to produce 100,000 tonnes per
annum of normal butyraldehyde would need a
charge equivalent to about 50 kg of fresh rhodium.
Given the rhodium metal price at the time, the
replacement value of this rhodium was about
U.S.$1 million (allowing for the processing
charge). During one year of operation, each kilo-
gram of rhodium, if it could last that long in
service, would be exposed to more than 2,500,000
times its own mass of commercial feedstocks. The
question was whether there could be present in
that huge quantity of raw materials enough harm-
ful contaminants, albeit at low concentrations, to
threaten serious damage to the catalyst, even
destroying its activity, within an unacceptably
short period of plant operation. The answer was a
resounding ‘yes’.
The poisoning studies carried out by Union
Carbide had shown that certain likely contami-
nants such as hydrogen sulfide and carbonyl
sulfide (often found in commercial propylene and
synthesis gas streams), and organic chlorides often
seen in propylene, were definite catalyst poisons.
Other impurities, in particular dienes present in
propylene, had shown strong inhibiting effects on
the rhodium catalyst. Impurities that might catal-
yse the aldol condensation reaction had also been
considered. If this reaction were allowed to occur
to excess, it would produce too many high-boiling
byproducts in the reactor. Having identified target
impurities, and quantified the problem in terms of
the permissible concentrations of those impurities
in raw material streams to be fed to commercial
plants, new analytical techniques were required.
Their sensitivity and repeatability had to be suffi-
cient to measure the target impurities present in
real feed streams down to sub-ppm levels. Armed
with such analytical methods, Davy Process
Technology built laboratory rigs to develop and
characterise processing schemes, employing het-
erogeneous catalysts and adsorbents for removing
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some impurities likely to be found in commercial
propylene and synthesis gas streams.
The impurity guard beds and other purification
plant that Davy Process Technology developed for
commercial feedstocks ultimately featured in the
design of commercial LP Oxo
SM plants, and were
to contribute to ensuring that catalyst deactivation
rates in the operating plants were within permissi-
ble limits.
Using the Gas Recycle Principle
To address the key challenge of how best to
separate the products and byproducts of the oxo
reaction from the catalyst, several distillation
columns were proposed in an early LP Oxo
SM
flowsheet. However, it was felt that this scheme
would only exacerbate concerns regarding catalyst
deactivation. Thermodynamic modelling, in con-
junction with the kinetic models, revealed that it
should be possible to remove from the catalyst
solution the reaction products, including high-boil-
ing aldol condensation byproducts, by means of
gas stripping. This emerged as the makings of the
‘gas recycle flowsheet’ adopted for the first
commercial LP Oxo
SM plant, and several sub-
sequent plants.
The flowscheme of an early LP Oxo
SM plant
employing the gas recycle principle is shown in
Figure 3. A stirred, back-mixed reactor is config-
ured in a loop, also containing a gas recycle com-
pressor, product condenser and liquid-vapour
separator. The catalyst solution, containing ligand-
ed rhodium and excess triphenylphosphine (TPP)
dissolved in the products and byproducts of
hydroformylation, is retained in the stirred reactor.
The incoming fresh raw materials, after pretreat-
ment to remove impurities, merge with recycled
gas containing the chemical components of the
synthesis gas and vaporised organics from the
reactor, to enter the base of the reactor through
distributor spargers. The gaseous reactants pass as
bubbles of small size (and hence large interfacial
area) into the liquid phase, where reaction takes
place at a closely controlled temperature, typically
selected between 90 and 100ºC. While oxo synthe-
sis takes place in the reactor, the reaction products
are stripped from the catalyst solution by an
upward gas flow. Heat of reaction is taken out
partly  via the latent heat of vaporisation of 
aldehydes into the gas, and partly by circulating a
coolant through coils inside the reactor. The prod-
ucts are condensed from the gas/vapour effluent
leaving the top of the reactor, and the resulting liq-
uid products are separated from the recycle gas.
The gas/uncondensed vapour is then recom-
pressed for recycling to the reactor. Operating
conditions, in particular the gas recycle rate, are set
so that all liquid products leave the system at the
same rate at which they have been formed, so that
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flowsheet of an early
LP Oxo
SM plantthe reactor inventory remains constant. Passive
components in the synthesis gas, such as nitro-
gen, methane and carbon dioxide, along with
propane present in the propylene or formed by
hydrogenation, are purged in a blow-off to a fuel
header, to prevent them from accumulating in the
system. Unreacted propylene, propane, CO and
hydrogen dissolved in the condensed product
leaving the separator are removed from the prod-
uct in a stabiliser column, and recompressed
before being recycled to the reactor.
The basic flowscheme of the LP Oxo
SM
Process emerged as both simple and elegant. The
principle of using in situ gas stripping to separate
product from the catalyst appeared sound,
because the high molecular weight of the rhodi-
um catalyst complex should mean that the loss by
vaporisation of rhodium in the product would be
practically zero. The rhodium catalyst was safely
contained in the reactor, and provided sufficient
energy could be imparted through the mixer
impeller, the catalyst would be exposed to operat-
ing conditions more or less replicating those used
in the laboratory. There was no reason for any
significant amount of rhodium to leave the reac-
tor during day-to-day operation, provided leakage
was avoided and the physical entrainment of cat-
alyst solution in the reactor overhead gas stream
was minimised. Neither of these containment
requirements were expected to pose undue diffi-
culties. Catalyst leakage could be virtually
eliminated by good engineering practice, includ-
ing the careful selection of construction materials
and mechanical seals for moving parts; entrain-
ment could be dealt with by using proprietary, but
inexpensive, entrainment filters on the overhead
line from the reactor. The use of in situ stripping
obviated the need to remove catalyst solution
from the reactor to separate product using exter-
nal distillation equipment, thereby eliminating any
potential for increased catalyst deactivation due
to concentrating the catalyst, and exposing it to
higher temperatures than those used in the reac-
tor.
The adoption of the gas recycle principle not
only led to a simple and affordable process flow-
sheet, it also appeared to provide the best overall
working regime for the catalyst, in terms of both
loss prevention and deactivation, based on the
‘state of the art’ at the time.
Success from the First LP Oxo
SM Plant
Having decided to build a commercial plant at
Ponce, Union Carbide erected a 200 tonnes per
annum gas recycle pilot plant at the same site to
test the process on the feedstocks available there,
and to provide scale-up data. While the pilot plant
was being built and commissioned, Davy Process
Technology started the process and basic engi-
neering design of the 136,000 tonnes per annum
full-scale unit. This was to be built almost along-
side the pilot plant. The process design was
refined and further developed once operating
data were available from the pilot plant, which
continued to operate for a short time after the
commercial unit first started up in January 1976.
The initial start-up of the full-scale Ponce
plant was easier than anticipated. Excluding out-
side interruptions, the plant was online for all but
one hour in its first month of operation. During
its first year, its on-stream operational availability
was greater than 99%. This contrasted with a typ-
ical availability of about 90% for a conventional
cobalt-based oxo plant, based on Union Carbide’s
own experience. The operation continued to be
marked by what was until then unusual ease,
stability and smoothness. Design targets for pro-
ductivity, selectivity, feedstock usage efficiency
and product quality were all met. The ratio of 
normal to iso-butyraldehyde was usually con-
trolled at around 10:1, but higher ratios up to 16:1
were achieved. Significantly, the costs attributable
to catalyst were lower than expected, and the life
of the first catalyst charge exceeded one year.
The reaction temperature was kept as low as
possible, and in the range of about 90 to 100ºC,
consistent with being able to achieve sufficient
catalyst productivity from the volume of catalyst
solution available to meet the production
demands, and being able to control the liquid lev-
els in the reactors. (Product stripping was easier at
higher temperatures because of the higher vapour
pressures of the products.) It was known that
higher reaction temperatures would lead to an
Platinum Metals Rev., 2007, 51, (3) 123increased production of reaction byproducts and
an increased rate of catalyst deactivation; effec-
tive temperature control was therefore important.
The reaction temperature could be regulated very
closely – to within ± 0.5ºC. The operating pres-
sure of the reactors was also well controlled at 
about 18 bar.
The process characteristics and control
systems used meant that the unit needed little
day-to-day operator attention. Again, this
contrasted with experience on high-pressure
cobalt plants. The rhodium unit could quickly be
restarted from a full shutdown, and it was
possible to restore production following outages
much more rapidly than had been the case
with cobalt.
How the Catalyst Works
The active rhodium species for the LP Oxo
SM
Process is formed under hydroformylation reac-
tion conditions, and there is no need for complex
catalyst synthesis and handling steps. The proba-
ble sequence of the reaction with propylene to
form normal butyraldehyde is shown in Figure 4.
Rhodium is introduced to the oxo reactor in
the form of a solution of ROPAC (a stable crys-
talline compound) in butyraldehyde. Complex A
in Figure 4 is formed from the fresh rhodium in
the presence of carbon monoxide and TPP. In
this coordination complex the rhodium atom car-
ries five labile-bonded ligands: two TPP, two
carbon monoxide and one hydrogen. In the first
reaction step, a propylene ligand is added to form
complex B, which rearranges to the alkyl com-
plex  C. This undergoes carbon monoxide
insertion to form the acyl complex D. Oxidative
addition of hydrogen gives the dihydroacyl com-
plex  E. Finally, hydrogen transfers to the acyl
group, and normal butyraldehyde is formed
together with complex F. Coordination of F with
carbon monoxide regenerates complex A.
Some  iso-butyraldehyde is produced along
with the normal butyraldehyde, but a high selec-
tivity to the latter is ensured by exploiting a steric
hindrance effect as follows. The reaction is car-
ried out in the presence of a large excess of TPP.
Under the low-pressure conditions of the reac-
tion, the high TPP concentration suppresses the
dissociation of complex A into one containing
only a single phosphine ligand. If largely undisso-
ciated complex A is present, with its two bulky
TPP ligands incontact with the propylene, then a
high proportion of primary alkyl is favoured – if
fewer such ligands were present, then more
propylene would form secondary alkyl groups,
leading to more iso-butyraldehyde.
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Fig. 4  Probable reaction cycle for formation of normal butyraldehyde from propylene (L = triphenylphosphine (TPP);
A: product of reaction of ROPAC with carbon monoxide and TPP; B: addition product of A and propylene; C: alkyl
complex resulting from rearrangement of B; D: acyl complex resulting from carbon monoxide insertion to C;
E: dihydroacyl complex resulting from oxidative addition of hydrogen to D; F: product of elimination of butyraldehyde
from E)Measures to Deal with Catalyst
Deactivation
The TPP-modified catalyst has a tendency to
deactivate over time due to the formation from the
monomeric rhodium species of rhodium clusters.
This type of deactivation is termed ‘intrinsic’, to
distinguish it from deactivation caused by an exter-
nal source such as catalyst poisons present in the
feedstocks. Catalyst management models were
developed to help operators of the LP Oxo
SM
Process to optimise the economic return from
their catalyst charges, in recognition that intrinsic
deactivation had to be tolerated to some extent.
For example, operating temperatures could not be
lowered to reduce catalyst deactivation if this also
reduced catalyst productivity to uneconomic or
unmanageable levels. Rhodium catalyst manage-
ment guidelines from Union Carbide and Davy
Process Technology recommended operating
adjustments to compensate for deactivation, in
response to accumulated operating data which
indicated the time evolution of catalyst activity.
The guidelines were couched so as to optimise the
balance between reaction rate, selectivity to nor-
mal butyraldehyde and catalyst stability. While
operators felt some obligation to comply with the
licensor’s recommendations, at least until perfor-
mance warranties had been met, it was interesting
to observe how the long-term catalyst operating
strategies adopted by plant owners varied so
widely between plants, depending on specific cir-
cumstances and preferences.
Plant operators observed rates of catalyst deac-
tivation that meant that a rhodium catalyst charge
would typically last for about 18 to 24 months
before its activity had declined to the point when
it would have to be discharged from the reactor
and replaced by a fresh catalyst charge.
The earliest LP Oxo
SM plants contained very
simple equipment to concentrate the discharged
spent catalyst solution. The idea was that concen-
trated catalyst, containing say 2000 ppm of
rhodium, would be shipped to Johnson Matthey in
the U.K., who would then recover the rhodium in
a form suitable for reprocessing to ROPAC. But
the logistics of actually reprocessing around 
20 tonnes of concentrate for a typical plant were
somewhat daunting. There were concerns about
handling and transporting such material in such
large quantities. With rhodium metal prices rising,
the logistics might put the security of, say, U.S.$2
million worth of rhodium at undue risk. There
were also uncertainties about what other sub-
stances might be present in the rhodium
concentrate that could cause Johnson Matthey
processing problems. Although metals like iron
and nickel that are usually found in commercial
feedstocks could be anticipated, would metal con-
tamination compromise rhodium recovery? The
requirement for off-site rhodium recovery from
bulk catalyst solution detracted from the elegance
of the LP Oxo
SM Process. Fortunately, by the time
the first licensed plants actually started operation,
Union Carbide had proven a catalyst reactivation
technique that would virtually obviate off-site
recovery.
Catalyst Reactivation
By the early 1980s, before any need had arisen
to resort to off-site rhodium recovery, Union
Carbide had developed a means to deal with the
intrinsic deactivation – effectively by reversing it.
This involved concentrating the spent catalyst and
then treating the rhodium present in the resulting
residue to convert it into a form capable of reacti-
vation. The concentration process was carried out
using specialised equipment (a proprietary evapo-
rator) under very precise conditions, including
high vacuum, designed to prevent catalyst damage.
The overall process could conveniently be per-
formed at the plant site, and required no chemical
reagents. It resulted in a ‘declustering’ of rhodium
to enable the restoration of activity once the
treated residue had been returned to a hydro-
formylation environment. Eventually, all operators
either added reactivation equipment to their
plants, or arranged to share facilities. Catalyst reac-
tivation was incorporated into the standard design
of all new plants, and a measure of lost elegance
was restored to the LP Oxo
SM Process!
The catalyst reactivation technique was used to
carry out repeated reactivations of what was essen-
tially a single catalyst charge. This drastically
reduced the need for off-site recovery, which was
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longer be reactivated economically. In that case,
the recovery could be performed on residues typi-
cally containing about 8000 ppm of rhodium, four
times the concentration initially envisaged, thus
improving the logistics and reducing the cost of
off-site processing.
Conclusion
This article (Part I) has sought to demonstrate
the initial promise of the LP Oxo
SM Process,
employing rhodium-based catalysis, in terms of
high availability, selectivity and productivity, low
environmental impact and low maintenance. Part
II, to be published in a future issue of Platinum
Metals Review, will address subsequent key improve-
ments to the process, and its use in non-propylene
applications.
LP Oxo
SM is a service mark of The Dow Chemical Company.
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(COS) series was started in 2003 through the com-
bined efforts of researchers at the Universities of
Cape Town, Stellenbosch and the Western Cape in
South Africa, and the COS 2006 chairman was
Professor John R. Moss, Department of
Chemistry, University of Cape Town 
(jrm@science.uct.ac.za). These symposia were
designed as informal one-day sessions, bringing
together researchers with similar interests from the
three institutions, and successfully exposing gradu-
ate students to a mixture of invited lectures and
student presentations. In particular, all students
would have opportunities to network with their
peer group and to present their work in oral or
poster format for discussion.
In 2006 this event was timed for 10th and 11th
of August, to run immediately before the 37th
International Conference on Coordination
Chemistry (ICCC) (1), affording visitors an oppor-
tunity to attend both events, and exposing local
graduate students to some of the best researchers
in organometallic chemistry from around the
world. The format therefore changed to a two-day
event, and a greater proportion of presentations
than usual were given by these leading invited
international researchers. However, the event was
limited to around 100 delegates to ensure that the
atmosphere remained fairly informal, and the
event more intimate than most international gath-
erings. The theme for the COS 2006 event was
“Organometallics and their Applications” (OATA)
(2), with a view to emphasising the links between
the multiplicity of academic research directions
being followed and the potential for practical
applications of organometallic chemistry.
The presentations were fairly evenly divided
between the organometallic chemistry of early, late
and first row transition metals. However, it is the
purpose of this review only to consider those pre-
sentations involving the development of the
organometallic chemistry of the platinum group
metals (pgms), and its potential applications.
Nanotechnology and Catalysis 
The systematic development of the field of nan-
otechnology and catalysis was well illustrated by
Professor Brian F. G. Johnson’s (University of
Cambridge, U.K.) presentation on supported
nanoparticle preparations and nanocatalyst activity,
entitled: ‘Small and Beautiful: Nano-Catalysts by
Design or Strategically Designed Single-Site
Heterogeneous Catalysts for Clean Technology,
Green Chemistry and Sustainable Development’.
Starting with a myriad of well characterised mixed-
metal clusters, this group has designed and
prepared a range of very active catalysts with vary-
ing metals, in particular these include platinum and
ruthenium in well controlled and varied ratios.
When these were supported inside mesoporous
materials, an added dimension to their reactivity
was described. In the second part of this presenta-
tion, the tethering of active metal centres to a
‘non-passive’ support with a chiral ligand was
described as a further advantageous manner in
which novel catalysts could be prepared.
Similarly starting with the useful precursors
RuHCl(CO)L3 and  trans-IrCl(CO)L2 (L = PPh3),
Professor Anthony Hill’s group (Australian
National University), have previously prepared and
studied the reactivity of a number of mono-, bi-
and trimetallic carbene and carbyne complexes. In
this talk: ‘Tricarbido Complexes:
LnM≡C–C≡C–M″Ln’ a fairly general route to
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DOI: 10.1595/147106707X216927mono-, di- and tricarbido complexes was present-
ed, involving the isolation and characterisation of a
range of interesting new compounds containing
one or more of the pgms, gold, mercury, molybde-
num, tungsten and other metals.
Professor Anna M. Trzeciak (University of
Wroclaw, Poland) presented interesting results
from her group’s study of the methoxycarbonyla-
tion of iodobenzene and the Sonogashira coupling
of an aryl acetylene and aryl halide both using a pal-
ladium catalyst in an ionic liquid, in particular
addressing the inhibiting effect of imidazolium
halides: ‘Palladium Catalysed Methoxycarbonyl-
ation in Ionic Liquids, Inhibiting Effect of
Imidazolium Halides’. With the methoxycarbonyla-
tion reaction, a simple palladium precursor (such as
[PdCl(COD)], COD = cycloocta-1,5-diene) and a
base were sufficient to achieve good yields in cer-
tain ionic liquids. Similarly, good yields could be
obtained in the Sonogashira reaction in the pres-
ence of a base and a [PdCl2{P(OPh)3}2] catalyst.
Systematic variation in the components of the ionic
liquid, and the effects of such changes on the reac-
tion yields and on isolation of a number of
interesting adducts and intermediates, have helped
to throw light on these respective mechanisms.
Mechanistic Studies 
Recent developments in our understanding of
the mechanism of the asymmetric hydrogenation of
olefins using a number of derivatives of the clusters
M3(CO)12 (M = Ru or Os), H2Os3(CO)10  or
H4Ru4(CO)12 were presented by Professor Ebbe
Nordlander (Lund University, Sweden): ‘Cluster-
based Catalytic Systems for Asymmetric Reactions’.
In particular, a range of catalysts
[H4Ru(CO)10(P-P*)] and [H4Ru(CO)8(P-P*)2] 
(P-P* = BINAP, MOBIPH, DIOP) were prepared.
Their activity and enantioselectivity were studied
for the hydrogenation of 2-methyl-2-butenoic acid
at elevated temperature and pressure. Most inter-
esting were the enhanced reactivity and
enantioselectivity obtained when ferrocene-con-
taining diphosphine ligands were used, and the
further enhancement in enantioselectivity which
was observed when the reaction was performed in
the presence of trace amounts of mercury.
As part of a broader presentation on catalytic
chemistry, and particularly ethylene oligomeris-
ation/polymerisation, a number of new palladium
complexes ligated to one or more derivatised
ferrocene units were prepared and used as catalysts
in Suzuki coupling reactions. This work, assessing
the potential for ‘modular design’ of efficient cata-
lysts and the isolation of several palladium(0) and
palladium(II) intermediates in the proposed mech-
anism, was presented by Professor T. S. Andy Hor
(National University of Singapore): ‘Design of
Smart Catalysts by the Combinative &
Complementary Uses of Hemilability and Metal
Unsaturation’. 
Synthesis of Metallacycles and
Clusters 
Two presentations from the group of Professor
John Moss extended the range of metallacycles that
have been made, typically via one of two routes
involving either a di-Grignard reagent or the appli-
cation of the Grubbs catalyst and a ring closing
metathesis reaction upon a di-alkenyl complex.
Akella Sivaramakrishna presented a talk entitled:
‘Synthesis & Structure of Metal-alkenyl Complexes
– Novel Precursors to Fascinating Chemistry!’.
Starting with [PtCl2(COD)] or Cp*IrClL2, a range
of di-alkenyl compounds of PtL2R2, PtL'R2 or
Cp*IrLR2, respectively, (R = alkenyl group; L =
PPh3 or P
tBu3, L' = dppe or dppp), of varying sta-
bility were prepared by reaction with appropriate
Grignard reagents (and additional phosphine L or
L' for platinum). While the thermal decomposition
of several of these new compounds was studied, of
greater interest was the use of a ring closing
metathesis reaction catalysed by first-generation
Grubbs catalyst to form platina- and iridacycles
with up to 21 ring atoms. Several side reactions and
other interesting transformations including dimeri-
sation, internal isomerisation, allyl formation and
transmetallation reactions were reported. The inser-
tion of metal carbonyls and small molecules into
metal–alkenyl ligand bond and the potential for for-
mation of hetero-bimetallic clusters and other
novel complexes were described. Emma Hager pre-
sented ‘The Synthesis of Novel Rhodacycloalkanes:
“Old” and New Methods’. The analogous use of
Platinum Metals Rev., 2007, 51, (3) 128Cp*RhLCl2 (L = PPh3, PPh2Me or PPhMe2) and
appropriate di-Grignard reagents also resulted in a
series of compounds of the type:
Cp*RhL{(CH2)n}. These metallacycles are consid-
ered to be model compounds for several chain
forming catalytic reactions, including ethylene
trimerisation. As such, their thermal decomposi-
tion is also of interest and was reported. Di-alkenyl
rhodium complexes were similarly prepared from
[Cp*RhCl2]2 and excess appropriate Grignard
reagent with longer carbon chain groups. The
same reaction with short chain Grignard reagents
resulted in interesting allylic rhodium complexes.
A student presentation from Cathrin Welker
(University of Cape Town, South Africa): ‘Fischer-
Tropsch Synthesis on Organometallic Ru-Model
Catalysts’, addressed the systematic preparation of
model ruthenium clusters of varying sizes and the
study of their thermal decomposition and Fischer-
Tropsch activity.
Concluding Remarks 
Over 30 excellent posters were also presented
during the symposia. Student participation, as
desired, was evident throughout the proceedings.
The format for 2007 is again to be slightly differ-
ent to allow the symposium to be incorporated
into the South African Chemical Institute,
Inorganic Chemistry Conference (3), again chaired
by Professor John Moss. It is clear that the series
of Cape Organometallic Symposia, and indeed
inorganic and organometallic chemistry, are very
much alive and thriving in the Western Cape and
more generally in South Africa. The timing of the
COS 2006 and the 37th ICCC (1) in consecutive
weeks afforded an almost unique opportunity for
many local students and academics to meet and
interact with experts from around the world, while
the large amount of pgm chemistry presented at
both conferences appropriately highlighted the
importance of these metals and their applications
in today’s world.
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Calculation of Vapour Pressure
Values
Vapour pressure values are calculated from
thermodynamic data following the procedure
described in Appendix A. Since free energy func-
tions are given for one bar standard-state pressure,
then the vapour pressure will also be given in bars.
Values for the free energy functions and the select-
ed heats of sublimation are given in the reviews on
platinum (1) and the other five pgms: palladium
(2), ruthenium (3), osmium (4), rhodium (5) and
iridium (6). Since the behaviour of the specific heat
capacities of the solids and their effect on the free
energy functions is more complicated than for the
liquids, then vapour pressure values were evaluat-
ed for the solids at 25 K intervals and the melting
point, and for the liquids at 50 K intervals and the
melting point, so as to give approximately equal
numbers of data points. In the review on platinum
(1), a minimum lower temperature of 1200 K was
considered. This gives a vapour pressure of about
10
–17 bar, which is considerably below practical
measurements. For the other metals, the use of
rounded temperatures gives a vapour pressure
between 10
–16 and 10
–17 bar, which was used as the
lower bound.
Selection of a Vapour Pressure
Equation
The derivation of the selected vapour pressure
equation (Equation (i)) is described in Appendix B.
ln(p, bar) = 
A + Bln(T)+   C/T + DT + ET
2 (i)
where A, B, C, D and E are constant coefficients.
Equation (i) was used by Honig and Kramer (7) to
represent the vapour pressures of the elements
over a wide range of temperatures and pressures.
Recent Data and Their Effect on the
Selected Values
Since publication of the reviews on platinum
and the other metals (1–6) newer data have
become available for consideration:
(a) The standard value of the atomic weight of
platinum has been changed from 195.078 ±
0.002 to 195.084 ± 0.009 (8). In the review on
platinum (1) the thermodynamic properties of
Vapour Pressure Equations for the
Platinum Group Elements
IMPROVED CALCULATIONS OF VAPOUR PRESSURE AND TEMPERATURE
By J. W. Arblaster
Coleshill Laboratories, Gorsey Lane, Coleshill, West Midlands B46 1JU, U.K.; E-mail: jwarblaster@aol.com
While a knowledge of the vapour pressure curve of any material is of theoretical significance
in understanding its basic physical properties, it can also be of practical importance in, for
example, the use of the material in high-temperature vacuum applications. Therefore readily
usable equations which accurately predict values of vapour pressure over a wide range of
temperatures and pressures can have an important practical use. For the platinum group
metals (pgms) the vapour pressures can be immediately assessed from about 10
–16 bar to just
above the boiling point by the use of Equation (i), fitted for the solid and liquid metals separately:
ln(p, bar) = A+ Bln(T) + C/T+ DT + ET
2, where p is the vapour pressure, Tis the temperature
in kelvin and A, B, C, D and E are constants. Although containing five coefficients, this equation
can easily be evaluated by computers and scientific calculators. Although it gives values of
vapour pressure at fixed temperatures, by a simple and rapid use of iteration values of
temperature at fixed vapour pressure, temperature-dependent values of vapour pressure can
also be obtained.
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the condensed phases were based on an atom-
ic weight of 195.08, and the gas phase
properties had been corrected using the atomic
weight of 195.078. Since the change of 0.006
to the new atomic weight was from one single
determination to another, it is likely that a
definitive value for the atomic weight has not
yet been obtained. Therefore, for consistency
with the treatment of the condensed phases,
the values for the gas phase have been recalcu-
lated using an atomic weight of 195.08. The
effect on the tabulated values is negligible at
the level of accuracy given.
(b)Two further determinations of the vapour
pressure of palladium by Zaitsev, Priselkov
and Nesmeyanov (9) (1267 to 1598 K) and
Ferguson, Gardner and Nuth (10) (1473 to
1973 K) led to heats of sublimation of 377.3 ±
0.1 kJ mol
–1 and 377.7 ± 0.2 kJ mol
–1, respec-
tively, in excellent agreement with the selected
value of 377 ± 5 kJ mol
–1.
(c)A number of amendments to the calculation
of the thermodynamic properties of the
gaseous elements from energy levels have been
found to have a negligible effect on the free
energy functions at the level of accuracy given
in the tables in References (1–6):
(i) For the metals other than platinum the
thermodynamic properties were calculated
using mainly the 1986 CODATA
Fundamental Constants (11) but all values
have now been recalculated using the 2006
CODATA Fundamental Constants (12).
(ii)Joueizadeh and Johansson (13) have
revised seventeen of the energy levels of
ruthenium.
(iii)Engleman et al. (14) have completely
revised the energy levels of palladium and
extended their number.
Application of the Selected Vapour
Pressure Equation to the PGMs
Coefficients corresponding to the selected
vapour pressure equation for both the solid and
liquid pgms are given in Table I. One criterion to
be met is that the calculated vapour pressures
should be equal at the melting point, or more 
correctly the triple point which is the solid-liquid-
vapour equilibrium temperature. However,
because of the high resistance of the pgms to
compression, then at the level of accuracy obtain-
able the melting points are considered to be equal
to the triple points as indicated in Appendix C.
In the review on platinum (1), only the first
Table I
Coefficients in Equation (i) for the PGMs in the Solid and Liquid States
Element Phase Temperature ABC D E
range, K
Ru Solid 1400–2606 23.31345 – 0.632925 – 78385.0 3.36362 × 10
–4 – 8.85627 × 10
–8
Liquid 2606–4600 54.00959 – 4.54744 – 80366.4 4.73549 × 10
–4 – 1.54492 × 10
–8
Rh Solid 1200–2236 45.43958 – 3.95580 – 68981.1 2.32882 × 10
–3 – 2.96772 × 10
–7
Liquid 2236–4200 38.32595 – 2.60178 – 67855.0 – 5.86242 × 10
–5 4.32765 × 10
–9
Pd Solid 850–1828 14.37701 0.270634 – 45327.0 – 1.30189 × 10
–3 2.07872 × 10
–7
Liquid 1828–3300 92.64931 – 10.78435 – 51456.6 3.94327 × 10
–3 – 2.33111 × 10
–7
Os Solid 1700–3400 26.80257 – 1.17147 – 95027.6 5.67800 × 10
–4 – 6.25215 × 10
–8
Liquid 3400–5600 44.97739 – 3.42327 – 93300.9 2.65730 × 10
–4 – 5.86394 × 10
–9
Ir Solid 1400–2719 27.23601 – 1.22965 – 81010.4 4.34895 × 10
–4 – 5.80991 × 10
–8
Liquid 2719–5000 51.13835 – 4.06675 – 83829.3 1.29129 × 10
–4 – 3.77392 × 10
–9
Pt Solid 1200–2041.3 20.55547 – 0.279512 – 68277.9 – 1.49389 × 10
–4 – 3.60502 × 10
–8
Liquid 2041.3–4200 34.89596 – 2.24178 – 68166.4 4.95301 × 10
–5 8.91166 × 10
–10Platinum Metals Rev., 2007, 51, (3) 132
three terms of Equation (i) were used, which gave
an adequate representation of the vapour pressure.
However, when all five terms are used to ensure
precise reproducibility for all of the metals, the
correlation for platinum is extraordinary. The
average deviation between the thermodynamically
derived vapour pressure and the result from the
equation is only ± 0.0004% for both the solid and
liquid, and similar results were generally obtained
for the other metals as given in Table II. Even in
the worst case, for solid rhodium, agreement is still
within five significant figures; this tolerance is well
beyond that of any practical determination of
vapour pressure.
Whereas the equations for the liquids repro-
duce the thermodynamic boiling points to within
0.01 K, more realistic estimates of the uncertain-
ties in the boiling points can be ascertained from
the uncertainties assigned to the enthalpies of sub-
limation, with boiling point uncertainties rounded
to the nearest 10 K (see Table III).
The uncertainties given in Table III must be
considered to be minimum values, because the
uncertainties in the free energy functions are not
taken into account. For example, the enthalpy of
fusion and thermodynamic properties of liquid
osmium are all estimated, and therefore a more
realistic estimate of the uncertainty in the boiling
point would be ± 100 K.
Temperatures Corresponding to
Given Vapour Pressures
These values are given in Table IV. Since the
lowest temperature used corresponds to a vapour
pressure between 10
–17 and 10
–16 bar, then 10
–16 bar
is used as the lower bound for fixed pressures.
Table IV provides a check on values obtained by
iteration of the equations. It is an amendment to a
previous summary (15), in which the lowest pres-
sure included was 10
–12 bar. Vapour pressures
corresponding to fixed temperatures are obtained
directly from the equations, and a check is provid-
ed by Table V, which lists the melting point
vapour pressures.
Table II
Percentage Deviations between
Thermodynamically Derived Vapour Pressure
Curves and Results from Equation (i) for PGMs
in the Solid and Liquid States
Element Phase Accuracy of fit, %
Ru Solid 0.0014
Liquid 0.0001
Rh Solid 0.0059
Liquid 0.0002
Pd Solid 0.0020
Liquid 0.0014
Os Solid 0.0008
Liquid 0.0000
Ir Solid 0.0002
Liquid 0.0003
Pt Solid 0.0004
Liquid 0.0004
Table III
Uncertainties in the Boiling Points of PGMs
Element Enthalpy of sublimation Boiling point
± uncertainty ± uncertainty
ΔH°298.15, kJ mol
–1 T, K
Ru 649 ± 4 4592 ± 30
Rh 558 ± 10 4114 ± 90
Pd 377 ± 5 3263 ± 50
Os 788 ± 4 5576 ± 30
Ir 670 ± 6 4898 ± 50
Pt 565 ± 2 4149 ± 20
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Table IV
Temperatures Corresponding to Fixed Vapour Pressures for the PGMs
Pressure Temperature, K
p, bar Ru Rh Pd Os Ir Pt
10
–16 1403 1219 870 1706 1456 1238
10
–15 1464 1273 911 1780 1520 1292
10
–14 1530 1332 956 1861 1590 1352
10
–13 1603 1396 1005 1950 1667 1417
10
–12 1684 1468 1060 2048 1751 1489
10
–11 1772 1546 1122 2156 1844 1569
10
–10 1871 1634 1191 2277 1949 1659
10
–9 1982 1733 1269 2411 2065 1759
10
–8 2107 1845 1359 2563 2197 1872
10
–7 2249 1972 1462 2736 2347 2002
10
–6 2412 2119 1582 2934 2520 2156
10
–5 2602 2293 1725 3163 2721 2339
10
–4 2842 2508 1899 3435 2976 2558
10
–3 3134 2772 2120 3793 3288 2824
10
–2 3498 3102 2400 4239 3681 3155
10
1 3965 3530 2765 4810 4193 3580
1 4588 4110 3259 5571 4894 4146
NBP* 4592 4114 3263 5576 4898 4149
Table V
Vapour Pressures at the Melting Points for the
PGMs
Element Melting point Vapour pressure
T, K p, bar
Ru 2606 1.045 × 10
–5
Rh 2236 5.050 × 10
–6
Pd 1828.0 4.227 × 10
–5
Os 3400 7.753 × 10
–5
Ir 2719 9.837 × 10
–6
Pt 2041.3 1.896 × 10
–7
*NBP = normal boiling point at one atmosphere pressure (1.01325 bar)
Values corresponding to the liquid region are given in italics
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Appendix A
Calculation of Vapour Pressure Values
Vapour pressure values may be calculated from thermodynamic data via an inversion of the third
law of thermodynamics used to calculate the heat of sublimation (Equation (ii)):
RTln(p) = T[δ – (G°T – H°298.15)/T]–   ΔH°298.15(III) (ii)
where R is the universal gas constant (8.314472 J mol
–1 K
–1 (12)); T is the temperature in kelvin; p is
the vapour pressure in bar; ΔH°298.15(III) is the third law enthalpy of sublimation at 298.15 K (Equation
(iii));
δ – (G°T – H°298.15)/T = [– (G°T – H°298.15)/T(g)] – [– (G°T – H°298.15)/T(s, l)] (iii)
where (G°T – H°298.15) is the free energy of the phase relative to that at 298.15 K.
Appendix B
Derivation of the Selected Vapour Pressure Equation
The variation of vapour pressure (p) with temperature (T) can be represented by the Clapeyron
equation (Equation (iv)):
dp/dT = ΔH/TΔV (iv)
where ΔH is the latent heat of sublimation (below the melting point) or vaporisation (above the
melting point); ΔV is the change in volume during the transition from condensed phase to gas. Since
the volume change is very large, the value for the condensed phase can be neglected and the equa-
tion becomes Equation (v) or (vi):
dp/dT = ΔHp/RT
2 (v)
dln(p)/dT = ΔH/RT
2 (vi)
Equation (vi) is then integrated to give the Clausius-Clapeyron equation (Equation (vii)):
ln(p) = A/T + B (vii)
where B is an integration constant, and A = ΔHT/R where ΔHT is the average enthalpy centred on
the mid-range temperature; ΔHT can only be taken as constant over a relatively narrow temperature
range. The Clausius-Clapeyron equation is used practically to fit experimental vapour pressure mea-
surements, and also to calculate the ‘second law’ heat of sublimation through the relationship
(Equation (viii)):
ΔH°298.15(II) = – δ(H°T – H°298.15) – RA (viii)
where δ(H°T – H°298.15) and (H°T – H°298.15) (see Equation (ix)) are enthalpy values relative to the
14 R. Engleman, U. Litzén, H. Lundberg and J.-F.
Wyart, Phys. Scr., 1998, 57, (3), 345
15 J. W. Arblaster, Platinum Metals Rev., 1996, 40, (2), 62
16 H. M. Strong and F. P. Bundy, Phys. Rev., 1959, 115,
(2), 278
17 R. E. Bedford, G. Bonnier, H. Maas and F. Pavese,
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Appendix C
Melting Point and Triple Point Differences
Although the pressure at the standard state in thermodynamics is now set at one bar, melting
points are still quoted at one atmosphere pressure. This is an arbitrary choice, whereas the triple
point is that at which the vapour pressures of the solid, liquid and gas are exactly equal; it is there-
fore a universal point. The difference between the melting and triple points can be determined from
the melting pressure curves, for example Strong and Bundy (16) determined the initial values for
these curves to be 138 atm deg
–1 for platinum and 160 atm deg
–1 for rhodium, equivalent to 0.007
deg atm
–1 and 0.006 deg atm
–1, respectively. Assuming that the triple point pressures are equal to
zero, then this indicates that for platinum, the triple point would be 0.007 K below the melting point,
and for rhodium 0.006 K. However, these values are negligible when compared to melting point
uncertainties of ± 0.4 K for platinum and ± 3 K for rhodium at the secondary fixed points on the
International Temperature Scale of 1990 (ITS-90) (17). On these grounds, triple point corrections
may be regarded as meaningless. These examples for platinum and rhodium are considered as rep-
resentative for all six of the pgms.
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enthalpy at 298.15 K;
δ(H°T – H°298.15) = (H°T – H°298.15)(g) – (H°T – H°298.15)(s, l) (ix)
ΔHT may be taken as constant only for a narrow temperature range. In order to cover a wider tem-
perature range it may be expanded to Equation (x):
ΔHT = ΔH0 + a1T + a2T
2 + a3T
3 + … (x)
Substituting Equation (x) into the Clapeyron equation (Equation (iv)) gives Equation (xi):
dln(p) = ΔH0dT/RT
2 + a1dT/RT + a2dT/R + a3TdT/R (xi)
Rearranging the coefficients and integrating gives Equation (xii):
ln(p) = A + a1ln(T)/R – ΔH0/RT + a2T/R + a3T
2/R (xii)
where A is the integration constant. Substituting B = a1/R, C = – ΔH0/R, D = a2/R, E = a3/R gives
Equation (i):
ln(p, bar) = A + Bln(T)+   C/T + DT + ET
2 (i)136
Amid the current global preoccupation with the
lightest element as a means to alleviate the conse-
quences of the dwindling supplies of fossil fuels,
this book sets out to provide an overview of the
area of dense oxygen and hydrogen transport
membranes and the roles they could play within
technologies being developed to improve on the
poor efficiencies associated with simple combus-
tion processes. The book’s editors, themselves
long-time practitioners in the field of dense mem-
brane research, have assembled a group of authors
whose names will be familiar to researchers in 
the area.
Membrane Applications of the
Platinum Group Metals
Application of the platinum group metals
(PGMs) within the area of fully dense membranes
falls into three categories:
– The entire membrane may be fabricated from
a PGM or PGM-based alloy, as in the case of
hydrogen transport membranes fabricated
from Pd and alloys thereof.
– The PGM phase can be added to a ceramic
oxide phase to form a ‘cermet’ material.
– Thin PGM coatings may be deposited upon
the surface of fully dense materials to improve
dissociation/association kinetics, act as protec-
tive coatings or as electrode materials in driven
membrane systems.
Each of these areas is discussed, in varying
lengths, within the context of the various chapters.
The first two chapters cover the area of hydro-
gen-permeable, dense, ceramic materials with
mixed protonic-electronic conductivity that are
based almost exclusively upon oxides. Of specific
interest to the PGM industry are the sections deal-
ing with the cermet materials, where pairing of
oxides with metals (typically 10 to 40 vol.% of pal-
ladium, platinum, palladium alloys or refractory
metals such as tantalum or niobium etc.) allows
researchers to circumvent potential problems relat-
ing to having both conduction types in a single
phase. The practical caveat with these materials is
their poor mechanical stability, primarily due to
internal interfacial stresses.
In a reference-laden Chapter 3, Stephen N.
Paglieri (Los Alamos National Laboratory, U.S.A.)
amply highlights the huge effort that has been
devoted to fabricating thin palladium-based hydro-
gen diffusion membranes. ‘Thick’ membranes,
capable of achieving ultra-high purity hydrogen,
have been available for over thirty years, but these
are prohibitively expensive for applications that
require only moderate purity levels. The author
provides a concise overview of the areas that must
be addressed in order to produce a viable thin
membrane – the nature of the support, deposition
and/or alloying techniques for the active layer, the
effects and mitigation of poisons, the difficulties
surrounding sealing of the membranes into hous-
ings, and of course the final cost implications. It is
a measure of the dedication of the membrane
industry and funding bodies that so much funding
has been made available in the quest for what
remains an elusive product.
The metallic competition to Pd systems is
described in Chapter 4 by Michael V. Mundschau,
Xiaobing Xie and Carl R. Evenson (Eltron
Research Inc). The so-called ‘superpermeable’
membranes, based upon niobium, tantalum and
vanadium, were developed for the nuclear industry
to separate hydrogen isotopes from helium in plas-
mas and from molten metal cooling fluids. The
“Nonporous Inorganic Membranes: for
Chemical Processing”
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DOI: 10.1595/147106707X216800burgeoning interest in the hydrogen economy and
the high cost of Pd have reinvigorated research in
these alloys as an alternative for hydrogen purifica-
tion in the chemical and energy industries.
However, these metals are very prone to formation
of surface oxides, carbides and nitrides that poison
the hydrogen dissociation reaction. This leads
developers to coat the surfaces with PGM layers
which in part protect the surface from poisoning
and facilitate hydrogen ingress into the membrane
beneath. The importance of matching the expan-
sion properties of the catalyst layer with the
membrane and the criticality of the deposition
method are highlighted, but the authors clearly
believe that these membrane systems will provide
a commercially viable industrial membrane.
The down-to-earth comments by David J.
Edlund at the start of Chapter 5 remind us that,
without a suitable module, a membrane is merely
a laboratory curiosity. Of the myriad groups devel-
oping new membrane compositions only a few are
concurrently engineering new modules, which fall
into two designs – those that will accommodate
foils and those for tubular membranes. ‘Thick’
palladium-silver alloy membrane systems, such as
those available from Johnson Matthey (1), tend to
be tubular in form, primarily because during the
1960s when they were developed, sealing of foils
was problematic. Nevertheless, a huge amount of
work on brazing alloys was necessary before com-
mercial systems were suitably reliable. Subsequent
development of palladium-copper alloy foil has
allowed modules based around stacks of foils to
be constructed successfully for commercial appli-
cations. This excellent chapter provides the
engineering viewpoint that is often neglected by
membrane developers.
The following three chapters cover the area of
oxygen transport membranes which, although fas-
cinating materials with great possibilities, have
only very limited opportunities for PGM usage.
Early researchers doped oxide materials with Pd
or Pt to form ‘dual phase’ structures in which the
dopant introduced electronic conductivity.
However, cost and long-term mechanical instabil-
ity resulted in cessation of this practice. The
PGMs have also been introduced onto the mem-
brane surface to act as catalysts. For example,
“significant improvements” in ethene yields and
selectivities were noted when dispersed Pd was
introduced onto the membrane for alkane dehy-
drogenation reactions.
The book finishes with discussion of the eco-
nomics of membrane reactors using the water gas
shift reaction over a Pd membrane as a case study.
In agreement with the comments by Edlund in
Chapter 5, the author notes that, although the
potential of membrane reactors has been widely
acclaimed, the technology has yet to proceed
beyond laboratory scale. There are several techni-
cal barriers to be overcome, including sealing,
thermal cyclability, high temperatures and pres-
sures in aggressive environments, catalyst and
membrane poisoning. However, the reviewer
would like to offer the thought that, while one of
the most widely cited barriers is the cost of Pd
metal, this is in effect an upfront cost. The Pd will
ultimately be easily recoverable and, if the metal
price has risen during the lifetime of the mem-
brane, could be considered to be an investment.
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Platinum-CopperonCarbonCatalyst
SynthesisedbyReductionwithHydrideAnion
INITIAL FINDINGS ON REACTIVITY AND DISPERSION CHARACTERISTICS
By Hany M. AbdelDayem
Chemistry Department, Faculty of Science, Ain Shams University, 11566-Abassia, Cairo, Egypt; E-mail: monamohus@yahoo.com
With a view to improving the catalytic performance of supported bimetallic platinum-copper
catalysts in hydrogen-assisted dechlorination of halogenated alkanes, a range of catalysts
were prepared by reduction of oxide precursors by the hydride anion H
–, using both sodium
and calcium hydrides (NaH and CaH2). The catalytic performance of the resulting catalyst
samples in the hydrodechlorination (HDCl) of 1,2-dichloroethane at 220ºC was investigated,
to gain understanding of metal alloying phenomena governing the variation in ethene selectivity
with time on stream (TOS). Metal dispersion was also investigated by O2 chemisorption and
transmission electron microscopy (TEM). PtCuCaH(b) catalyst, synthesised by reduction with
CaH2 at 450ºC, showed a high selectivity towards ethene in comparison with that of catalysts
synthesised by reduction with either NaH or hydrogen. In view of the chemisorption and TEM
results, the significant high selectivity of this catalyst towards ethene was attributed to the fact
that reduction by CaH2enhanced alloying of Pt and Cu. On the other hand, the ethene selectivity
of PtCuCaH(b) catalyst did not show any variation with TOS, but reached a steady state at
early TOS. This suggested that Pt and Cu alloying did not take place during the course of
the reaction, but might have occurred during the reduction process.
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Bimetallic alloys are versatile catalysts for impor-
tant industrial processes, including Fisher-Tropsch
synthesis, fuel reforming, hydrogenation and dehy-
drogenation of alkanes, decomposition of
methanoic acid, and hydrodechlorination of
chloroorganic compounds (1). Selectivity may
potentially be greatly improved through the
rational design of bimetallic alloy catalysts from fun-
damental principles (2). However, the preparation
of supported bimetallic alloy catalysts presents some
problems as compared with model catalysts (3).
The production of alkenes from halogenated
alkanes by hydrogen-assisted dechlorination over
supported metal catalysts has received considerable
attention in the past few years (4–7), especially the
hydrodechlorination of 1,2-dichloroethane to
ethene (7–10). Supported monometallic noble metal
catalysts (from Group VIII) are very active for
HDCl reactions (11, 12). Extensive research with
monometallic catalysts (platinum, palladium, silver,
copper, etc.) has shown that the dechlorinated C2H4
is immediately converted into the fully hydrogenat-
ed product, C2H6, which is much less industrially
useful (7, 13). However, several authors have
demonstrated that bimetallic catalysts, composed of
alloys such as Pt-Cu, Pd-Cu and Pd-Ag, possess a
high ability to convert chlorinated alkanes selective-
ly into non-chlorinated alkenes (10, 14–16). In the
case of supported Pt-Cu catalyst, earlier investiga-
tion suggested that the increase in ethene selectivity
with TOS was due to an increase in the degree of
alloying of Pt and Cu under reaction conditions
(17). On the other hand, recent results indicate that
alloying of Pt and Cu depends on the pretreatment
reduction conditions of the catalyst (18).
The hydride anion is one of the most powerful
reducing agents known; the reduction potential of
the H
–/H2 couple has been estimated at –2.25 V
(19). LiAlH4 and KBH4 are used extensively as
reducing reagents in solution chemistry (20).
Recently, NaH and CaH2 have been used as power-
ful reducing agents in solid-state topotactic
reduction, at lower temperatures than would be
required for a H2 gas process (21–23).Platinum Metals Rev., 2007, 51, (3) 139
The present work addresses the following ques-
tions:
– Can we discover a new route for enhancing the
alloying of Pt and Cu in supported catalysts,
based on the reduction of their metal oxide pre-
cursors in solid-state reaction using metal
hydrides?
– Can this suggest a new way to master catalyst
selectivity in HDCl reactions?
The bimetallic catalyst, Pt-Cu supported on car-
bon, was prepared by reduction of its oxide
precursor, using different metal hydrides (CaH2
and NaH) at different temperatures. Hydrogen was
also used to prepare a reference sample. The reac-
tivity of all catalysts studied was tested for the
hydrodechlorination of 1,2-dichloroethane (DCE)
as a model reaction, looking for a significant mod-
ification in catalytic performance. Oxygen
chemisorption and TEM were used to investigate
metal dispersion.
Experimental Work
Catalyst Preparation
0.5 wt.% Pt-0.5 wt.% Cu/C catalyst was pre-
pared by co-impregnation of a carbon support
(Aldrich, Darco
® KB, SBET 1500 m
2 g
–1 and pore
volume 2 ml g
–1) with an aqueous solution contain-
ing the appropriate quantity of H2PtCl6·6H2O
(Aldrich, 99.9%) and CuCl2·2H2O (Aldrich, 99.9%)
overnight. The material was allowed to dry at room
temperature for 24 h, and then at 100ºC for 2 h in
vacuo. The produced solid was calcined at 200ºC for
4 h to give an oxide precursor sample. This sample
of PtO and CuO was mixed and ground with a
twofold stoichiometric excess of the metal hydride
(CaH2, Aldrich, 99.9% or NaH, Aldrich, 95%) in a
He-filled glove box, and then sealed in an evacuat-
ed Pyrex ampoule (p < 2 × 10
–4 torr). The sealed
reaction vessel was then heated for two periods of
4 days at 300ºC with intermediate grinding. The
byproduct (CaO or Na2O) and any unreacted
metal hydride from the reaction mixture were
removed from the produced solid by washing with
a solution of 1M NH4Cl in CH3OH, in a Schlenk
filter under a nitrogen atmosphere. The product
was then further washed with CH3OH before
being dried under vacuum (p < 1 × 10
–1 torr). The
complete removal of Ca and Na from the catalyst
samples was confirmed by energy dispersive X-ray
(EDX) analysis.
Another catalyst sample was prepared by reduc-
tion with CaH2 at 450ºC, following the same
procedure as above. The catalyst prepared by
reduction with NaH was denoted as PtCuNaH,
and catalysts prepared by reduction with CaH2 at
300 and 450ºC were denoted as PtCuCaH(a) and
PtCuCaH(b), respectively. A reference sample
(denoted as PtCuH2) was prepared by reduction
with 10% H2/He gas mixture at 300ºC for 4 h.
Monometallic catalysts, 0.5 wt.% Pt/C and 0.5
wt.% Cu/C, were also prepared by reduction with
hydrogen.
Dispersion Study
Metal dispersion in the catalysts was deter-
mined from O2 chemisorption at 350ºC. The
catalyst was charged into the adsorption cell in a
He-filled glove box to avoid any oxidation of the
catalyst. Before measurements were taken, the cat-
alyst was heated in vacuo at room temperature for
4 h at 1.33 × 10
–3 Pa. The net adsorption
(μmol g
–1) on the supported metal catalyst was cal-
culated by measuring adsorption on the
nonmetallised support, and subtracting this value
from total adsorption on the catalyst. The net
adsorption was simply converted into the apparent
degree of dispersion (Dapp = [O]/[Pt + Cu]), which
is regarded as a measure of the number of atoms
of adsorbed oxygen per metal atom (24–26). The
adsorption stoichiometry was assumed to equal 2.
Transmission electron micrographs were
obtained using a JEOL 1200 EX II transmission
electron microscope operated with an acceleration
voltage of 50 kV.
Catalytic Tests
Hydrodechlorination of 1,2-dichloroethane
(DCE) was carried out at 220ºC in a flow reactor.
Catalyst was charged into a quartz reactor (12 mm
internal diameter) in the He-filled glove box to
avoid any oxidation of catalyst. Then the reactor
was connected directly to the catalytic system in a
flow of H2 (4 ml min
–1)/He (28 ml min
–1) at 110ºC.
After 1 h, the gas stream was switched to a mixedPlatinum Metals Rev., 2007, 51, (3) 140
flow of 41 ml min
–1, consisting of DCE (7000
ppm), H2 (35,000 ppm) and the remainder He. The
feed and product streams were analysed using a
Shimadzu GC-17A gas chromatograph equipped
with a 27.5 mm Chrompack PoraPLOT capillary
column and a flame ionisation detector. Note that
the HCl detected was not quantified in this study.
The weight of bimetallic catalyst was adjusted to
maintain the conversion at approximately 2%.
Results and Discussion
Selectivity and Reactivity
Figures 1 to 4 represent the variation of ethane
and ethene selectivities with time on stream. In the
case of PtCuH2 catalyst, both ethane and ethene
selectivity changed by only 5% during the course
of the reaction (Figure 1). However, the variations
in selectivity were more pronounced for the
PtCuNaH catalyst: before a steady state was
achieved, the change observed was ~ 15% (Figure
2). As shown in Figure 3, in the case of
PtCuCaH(a) there was an initial sharp rise in selec-
tivity towards ethene, from 70 to 80% during the
first 3 h TOS; after which it reached steady state
(at 7.5 h), with selectivity to ethene ~ 82%.
However, bimetallic PtCuCaH(b) (Figure 4) did
not show significant variation in the selectivity
towards products with TOS. On the other hand,
none of the catalysts under investigation showed
significant variation in the conversion of
dichloroethane with TOS.
The activity results for the hydrodechlorination
of 1,2-dichloroethane at steady state over the stud-
ied catalysts are summarised in Table I. It is clear
that the PtCuCaH(b) catalyst exhibited the highest
selectivity (100%) towards ethene, but with low
activity. Ethene is also the major product detected
with the PtCuCaH(a) catalyst, showing selectivity
~ 82%, with a higher activity than for the
PtCuCaH(b) catalyst. Both PtCuH2 and PtCuNaH
catalysts were selective for the dechlorination of
1,2-dichloroethane to ethane; the major product
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Fig. 1  Selectivities toward ethene
and ethane vs. time on stream for
hydrodechlorination of
1,2-dichloroethane over PtCuH2
catalyst at 220ºC
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Fig. 2  Selectivities toward ethene
and ethane vs. time on stream for
hydrodechlorination of
1,2-dichloroethane over PtCuNaH
catalyst at 220ºCwas ethane, at ~ 81% and ~ 78 %, respectively.
However, monometallic Pt/C is the most selective
to ethane, at ~ 94%. Monometallic Cu/C catalyst
has high ethene selectivity, ~ 93 %, but its activity
is very low.
Dispersion Results
The chemisorption results are summarised in
Table II. The net adsorption (micromoles oxygen
per gram of sample) on the metal was taken as the
difference between the total adsorption on the cat-
alyst and the adsorption on the corresponding
support. From this, it is evident that the values of
the degree of dispersion of PtCuCaH catalysts are
lower than for the other catalysts. A more detailed
study is required before quantitative dispersion
Platinum Metals Rev., 2007, 51, (3) 141
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Fig. 3  Selectivities toward ethene
and ethane vs. time on stream for
hydrodechlorination of
1,2-dichloroethane over
PtCuCaH(a) catalyst at 220ºC
Fig. 4  Selectivities toward ethene
and ethane vs. time on stream for
hydrodechlorination of
1,2-dichloroethane over
PtCuCaH(b) catalyst at 220ºC
Table II
Chemisorption Data of Oxygen on the Surface of
Different Samples of Pt-Cu/C Catalysts
Catalyst Net adsorption, Degree of dispersion,
μmol g
–1 Dapp = [O]/[Pt + Cu]
Pt/C 11.8 0.92
PtCuH2 14.2 0.74
PtCuNaH 15.4 0.80
PtCuCaH(a) 14.6 0.24
PtCuCaH(b) 2.0 0.10
Table I
Steady-State Activity Parameters of Pt-Cu/C
Catalysts for the Hydrodechlorination of 
1,2-Dichloroethane
Catalyst Time on  Selectivity, mol% Activity,
stream, h  Ethene Ethane μmol min
–1 g
–1
Pt/C 3 6 94 2.0
PtCuH2 13 19 81 7.7
PtCuNaH 17 22 78 5.2
PtCuCaH(a) 8 82 18 6.7
PtCuCaH(b) 0.5 100 0 1.4
Cu/C 9 93 7 0.05changes are discussed, but the present results could
give a qualitative account of the relative dispersion
obtained.
TEM micrographs of the PtCuH2, PtCuNaH
and PtCuCaH(b) catalysts are shown in Figure 5.
The micrographs of both PtCuH2 and PtCuNaH
(Figures 5(a) and 5(b)) show small Pt and Cu par-
ticles in a highly dispersed state, without significant
aggregations. However, aggregated large particles
of Pt and Cu are shown in the micrograph of the
PtCuCaH(b) catalyst (Figure 5(c)).
Catalytic Activity
Recent studies on the HDCl of DCE over Pt-M
(M = Cu, Ag) catalysts proposed that alloying of Pt
and M atoms played an effective role in deter-
mining the selectivity of the catalyst towards
ethene (4, 9). Recalling the present activity results,
the observed difference in ethene selectivity
between the catalysts studied may be due to the
different capacities of various reducing agents to
enhance the alloying of Cu and Pt. In the case of
PtCuH2 catalyst, the microcrystallites of Pt and Cu
ions might be separated on the support surface
after drying due to chromatographic effects (1).
These effects are expected to be especially pro-
nounced due to the high surface area and narrow
pores of the activated carbon support used. Thus,
if Pt and Cu chlorides in a dry catalyst are not in
close proximity to one another, the standard
reduction by hydrogen would not result in signifi-
cant alloying (as shown in Figure 5(a)). This
suggestion can also be verified from the high
apparent degree of dispersion of Pt and Cu
observed in PtCuH2 (Table II).
We have shown that PtCuCaH catalysts have
the highest ethene selectivity among the catalysts
studied. According to the TEM and chemisorption
results, reduction by CaH2 may promote surface
migration of Pt and Cu, which results in alloying of
the two metals. It is important to note that the
change in ethene selectivity of PtCuCaH(b) cata-
lyst is independent of TOS; this result suggests that
Pt and Cu alloying did not take place during the
course of the reaction, but might have occurred
during the reduction process. This phenomenon
might be attributable to the different processes for
the reduction of Pt-Cu catalyst by metal hydrides
and by H2. However, the observed low ethene
selectivity of PtCuNaH, which was reduced fol-
lowing the same procedure as for PtCuCaH(a),
excludes this possibility. Furthermore, PtCuNaH
catalyst showed approximately the same ethene
Platinum Metals Rev., 2007, 51, (3) 142
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Fig. 5  TEM micrographs of the catalysts: (a) PtCuH2;
(b) PtCuNaH and (c) PtCuCaH(b)
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(a)selectivity as PtCuH2 catalyst, independently of the
different reduction procedures used. It is well
known in the literature that many of the transition
metal oxychlorides migrate more easily over the
surface of a carbon support than do the pure metal
atoms (27). Hayward et al. (22, 23) reported that
reduction of metal oxides by CaH2 (hydride anion)
could produce metal oxide hydrides. Thus, we can
envisage that during the reduction with CaH2, Pt
and/or Cu, oxy-hydride species might be formed
as intermediates of high surface mobility. The for-
mation of these intermediates could facilitate the
aggregation of Pt and Cu, as shown from the
micrographs and their enhanced alloying. To clar-
ify this hypothesis further, specific characterisation
studies are required; these are beyond the scope of
this work.
As already observed, PtCuCaH(a) catalyst pre-
pared by reduction with CaH2 at 300ºC has a
higher ethene selectivity than does PtCuNaH
reduced by NaH at the same temperature. This
may be due to the difference in thermal stability
between CaH2 and NaH. CaH2 has a high decom-
position temperature (~ 885ºC), therefore mainly
H
– may be present as reducing agent at the tem-
peratures used (300 and 450ºC) (26). However,
NaH thermally decomposes at a lower tempera-
ture (~ 220ºC) (26); in this case, hydrogen is
present in thermal equilibrium with H
– during
reduction of the catalyst, and the probability of
formation of Pt and Cu oxy-hydride intermediates
is decreased. It seems that 450ºC is an optimum
temperature to reduce the Pt-Cu catalyst for the
selective HDCl of DCE to ethene, but further
investigations are necessary to determine precisely
the most efficient temperature.
Finally, the catalytic performance of the
PtCuCaH(b) catalyst might also be affected by the
presence of trace amounts of calcium from the
hydride precursor. As mentioned above, the com-
plete removal of Ca from all catalysts was
confirmed by EDX analysis, but one cannot
exclude the possibility that highly dispersed Ca
species may be present on a support of high sur-
face area, such as the carbon used here. The Ca
issue is outside the scope of this article; however,
some conclusions can be drawn on the basis of lit-
erature results. It has been reported that calcium
can improve the dispersion of both supported Cu
and Pt (29, 30). This effect might lead to a change
in the geometry of Pt sites responsible for
hydrogenolysis of 1,2-dichloroethane to ethane.
Nevertheless, at the same time, the greatest effect
of Ca is to decrease the possibility of alloying Pt
and Cu. The above interpretation suggests that Ca
does not play a decisive role in determining the
selectivity of PtCuCaH catalysts towards ethene.
Conclusions
The results discussed above demonstrate that
supported Pt-Cu catalysts synthesised by reduc-
tion of oxide precursors with CaH2 exhibit high
ethene selectivity, because alloying of Pt and Cu
was enhanced during the reduction process. CaH2
apparently affords the hydride anion as a reducing
species at the reduction temperatures used. The
formation of intermediate Pt and/or Cu oxide
hydride species of high surface mobility was pro-
posed. To clarify this hypothesis, further specific
characterisation studies are still required; these are
beyond the scope of the present work. As a
reagent, CaH2 is easily to handle, readily available,
and has a high decomposition temperature, allow-
ing the reduction of various supported bimetallic
catalysts over a wide temperature range.
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Fuels and Emissions Conference was held from
23rd to 25th January 2007 in Cape Town, South
Africa. The main conference sponsor was Sasol Ltd.
It is the first time the SAE have held a conference
in South Africa. It was pointed out that this is an
important event for Africa, because it brings togeth-
er engineers, scientists and suppliers for a global
discussion on the latest evolving technologies in
fuels and lubricants, as well as future emissions 
controls.
The conference centred on a keynote lecture by
an eminent speaker on each morning, followed by
two or three parallel sessions of technical presenta-
tions. These sessions covered a wide array of topics,
such as alternative and potential new fuels, hydro-
gen, engine technology, emissions control, and
measurement and calibration techniques. Platinum
group metals (pgms) feature prominently in these
areas, for applications from fuel reforming to emis-
sions control catalysis. The keynote lectures are
described in some detail here, along with a brief
summary of some of the other work from the tech-
nical sessions. Technical paper numbers are given in
parentheses following the title of each paper, and
are available through the SAE (1).
Synthetic Fuels
Johannes Botha (Sasol Ltd, South Africa) got the
proceedings underway with a keynote address on
‘Synthetic Fuels’. The presentation concentrated on
coal/gas/biomass-to-liquid technologies (CTL,
GTL, BTL, respectively) from the standpoint of
Sasol, covering drivers, history, technological
advances and future importance. The use of coal as
a feedstock has been historically important to South
Africa for a number of reasons, not least because it
has large coal reserves; there is also the desire to
become less dependent on imported oil. Today,
30% of transportation fuels in South Africa
(equivalent to 205,000 barrels per day (bpd)) are
supplied by coal- or natural gas-fed facilities, such as
Sasol’s GTL operations. Coal may well also be the
fuel of the future in other countries and regions,
such as China, India, the U.S.A. and Russia, where a
large proportion of fossil fuel reserves are as coal.
The environmental benefits of using synthetic fuels
were highlighted: synthetic fuels burn much more
cleanly than do conventional fuels derived from
crude oil, resulting in lower particulate and sulfur
emissions. Greenhouse gas emissions are also lower
than with crude oil for BTL technology, and com-
parable to those with crude oil for GTL technology.
The potential future importance of synthetic fuels
produced by the CTL, GTL and BTL processes is
evident from the number of plants currently under
construction or in the planning stages in all the
world’s inhabited continents. However, even if all
the current probable and possible plants were built,
the amount of synthetic fuel produced would still be
only a fraction of worldwide demand.
The exhaust emissions advantages of diesel fuels
derived from GTL technology were also highlight-
ed by Monica Larsson and Ingemar Denbratt
(Chalmers University of Technology, Sweden): ‘An
Experimental Investigation of Fischer-Tropsch
Fuels in a Light-Duty Diesel Engine’ (2007-01-
0030). Two synthetic diesel fuels were tested, and
their performance compared with that of conven-
tional diesel fuel in a single-cylinder research engine,
where the effect of injection timing and exhaust gas
recirculation could be studied. Lower carbon
monoxide (CO), total hydrocarbon (THC) and soot
emissions were seen with the synthetic GTL diesel.
The improved particulate matter (PM) and hydro-
carbon emissions with synthetic diesel were also
confirmed by Taku Tsujimura and coworkers
(National Institute of Advanced Industrial Science
and Technology (AIST), Japan), in a joint study with
the Mitsubishi Corporation: ‘A Study of PM
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DOI: 10.1595/147106707X214703Emission Characteristics of Diesel Vehicle Fueled
with GTL’ (2007-01-0028). Furthermore, Paul
Schaberg and colleagues (Sasol Ltd), in a study with
SasolChevron Consulting Ltd and DaimlerChrysler
AG, found that very low NOx emissions were
achievable with GTL diesel fuel, when used in com-
bination with some economically and
technologically viable engine hardware changes:
‘HSDI Diesel Engine Optimisation for GTL Diesel
Fuel’ (2007-01-0027). 
Future Fuels and Technologies
Day two began with a keynote lecture by Hans-
Otto Herrmann (DaimlerChrysler AG, Germany).
The lecture, entitled ‘The Role of Future Fuels for
Sustainable Mobility’, was concerned with address-
ing the challenges for future mobility and identifying
the major stakeholders in finding solutions to pollu-
tion problems, before concentrating on the role of
the automotive industry. Five chronological steps
toward “Energy for the future” were demonstrated
from a DaimlerChrysler standpoint: 
(a) optimisation of combustion engines
(b) improvement of conventional fuels
(c) CO2-neutral biofuels
(d) hybrid vehicles
(e) fuel cell technology.
The immediate challenge is to improve internal
combustion engine performance, so that diesel
emissions can be reduced to the very low levels
associated with gasoline engines, while gasoline
engine fuel consumption is improved to match that
of diesel engines. This is now becoming a reality in
Europe due to such technical advances as exhaust
gas recirculation (EGR), improved fuel quality, on-
board diagnostics (OBD), and pgm-containing
emissions control devices (e.g. filter systems, NOx
traps and selective catalytic reduction (SCR) sys-
tems). (While SCR systems are not usually
pgm-based, SCR systems contain pgms for the pur-
pose of ammonia slip control.) However, the
example diesel vehicle shown in the lecture relied on
a NOx trap for NOx control. It is therefore not
available in the U.S.A., because ultra-low sulfur
diesel (ULSD) fuel is required. Herrmann’s lecture
addressed DaimlerChrysler’s approach to aftertreat-
ment, and two systems were presented: Bluetec I
and Bluetec II (Figure 1). In Bluetec I, most of the
NOx control is performed by the NOx trap compo-
nent. However, when trap regeneration occurs,
under rich engine conditions, some ammonia is pro-
duced; this can be stored on the SCR catalyst and
used for some additional NOx removal activity.
This system relies on sulfur-free fuel and has no
urea injection.
The Bluetec II system is more expensive than
Bluetec I, and employs urea injection (Adblue) in
front of the SCR catalyst to control the NOx emis-
sions. Depending on which system is chosen,
DaimlerChrysler can achieve 50 to 80% NOx
removal. The lecture also included some discussion
on fuels, including detailing the importance of
improving conventional fuel quality. It went on to
consider the diversification of fuel types, starting
with synthetic fuels such as those produced by
Sasol, then leading on to biofuels, and in the future,
hydrogen produced by renewable energy. By this
route, fuels become progressively cleaner, in terms
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Fig. 1  Schematic of
DaimlerChrysler’s Bluetec I and
Bluetec II systems. DOC = diesel
oxidation catalyst; LNT = lean
NOx trap; DPF = diesel
particulate filter; SCR = selective
catalytic reduction; Adblue = urea
injection 
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Bluetec IIof both PM/NOx and CO2 emissions. Herrmann
pointed out that GTL synthetic fuels can give some
emissions advantages with no engine modifications,
but by modifying and adapting an engine for GTL
fuel it may be possible to achieve 70% NOx emis-
sions reduction without a NOx removal device, as
compared with the baseline emissions for a Euro IV
engine. Therefore, the use of GTL fuels is a possi-
ble approach to meeting future stringent emissions
legislation, though the scenario described requires
dedicated GTL engines and GTL fuels which are
both readily available and economically viable.
Biodiesel was briefly discussed, particularly jatropha
biodiesel in India (discussed in detail later).
Biodiesel is currently two to three times more
expensive than conventional diesel fuels, but its
impact on CO2 emissions is potentially huge.
Finally, the route to fuel cell vehicles was outlined,
with hybrid technology as an interim step, and this
is expected to be especially important in Japan and
the U.S.A. However, Herrmann was concerned
that, despite the potential advantages of fuel cell
vehicles, including zero emissions, low noise and
high efficiency, there are still a number of chal-
lenges to be overcome.
Other measures discussed by Herrmann as
important for sustainable mobility included: contri-
butions from policy makers, such as improved road
and traffic management and traffic light synchroni-
sation; from consumers and drivers, for example,
20% fuel consumption savings can be made by
adaptive driving behaviour, efficient acceleration
and optimised gear shifting; and the oil industry,
including optimised fuels, renewable fuels (BTL),
and a hydrogen infrastructure. Herrmann’s conclu-
sion was that, for optimum results, interaction
between the oil and auto industries is necessary.
CatalystsandConverterTechnologies
Louise Arnold and coworkers (Johnson Matthey
PLC, U.K.) presented: ‘Development and
Application of New Low Rhodium Three-Way
Catalyst Technology’ (2007-01-0046). This is
important because the rhodium price has increased
enormously recently, while 83% of world rhodium
usage is in three-way catalysts (TWCs). By employ-
ing advanced washcoat formulations and coating
techniques, it has been possible to reduce rhodium
loadings to 1 g ft
–3 (from 5 g ft
–3), while still meet-
ing Euro IV and Euro V (2) emissions limits, even
after extended engine-bench ageing. Guillaume
Brecq et al. (Gaz de France), in a study with the
Université Pierre et Marie Curie: ‘Comparative
Study of Natural Gas Vehicles Commercial
Catalysts in Monolithic Form’ (2007-01-0039),
employed commercial TWC systems for emissions
control in natural gas vehicles (NGVs); all the
TWCs tested were efficient for CO and NOx treat-
ment. However, methane conversion proved to be
a problem, with high light-off temperatures
observed, typically in the range 315 to 400ºC. Also
from Johnson Matthey, Andrew York and cowork-
ers presented: ‘Modeling of the Catalyzed
Continuously Regenerating Diesel Particulate Filter
(CCR-DPF) System: Model Development and
Passive Regeneration Studies’ (2007-01-0043). The
model showed that the CCR-DPF (Catalysed CRT
®
or CCRT
®) can operate successfully even over low-
temperature drive cycles or with challenging
NOx/PM ratios; the CCR-DPF is therefore applic-
able to a wider range of more challenging diesel
applications than the CRT
®. The model can be used
to design the system and choose which is most suit-
able for a particular application.
Bernard Bouteiller and coworkers (Saint-Gobain
and Université d’Orléans, France), in: ‘One
Dimensional Backpressure Model for
Asymmetrical Cells DPF’ (2007-01-0045), demon-
strated that they had adapted a one-dimensional
DPF model to operate with new asymmetric cell
geometry DPF systems. Furthermore, Achim
Heibel and Rajesh Bhargava (Corning Inc, U.S.A.),
in: ‘Advanced Diesel Particulate Filter Design for
Lifetime Pressure Drop Solution in Light Duty
Applications’ (2007-01-0042), showed that these
asymmetrical cell technology (ACT) DPFs show a
65% higher ash capacity for the same pressure drop
in engine dynamometer tests, when compared with
standard cell design substrates. Thus, using ACT it
is possible to design filter systems with a lower life-
time pressure drop or longer service intervals for a
particulate filter system of the same size. Frank-
Walter Schütze and coworkers (Umicore AG and
Co KG, Germany), in: ‘Challenges for the Future
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System’ (2007-01-0040), briefly reviewed the impor-
tance of thermally stable catalysts for future diesel
engine aftertreatment systems. The benefits of early
integration of catalyst development and selection in
the engine development process for optimum emis-
sions reduction performance was highlighted.
Finally in this section, Kevin Lang and Wai Cheng
(Massachusetts Institute of Technology (MIT),
U.S.A.) addressed the problem of fast catalyst light-
off in a spark ignition engine: ‘A Novel Strategy for
Fast Catalyst Light-Off Without the Use of an Air
Pump’ (2007-01-0044). This is achievable using an
exhaust air pump; however, the novel approach
reported by Lang was to operate the engine on start-
up using only three of the four cylinders, running
under rich conditions, while the unused fourth
cylinder is used as a ‘pump’ to supply air to the
exhaust manifold. This air can then oxidise the
products of incomplete combustion emitted from
the engine, and hence supply a large amount of heat
to the catalyst to accelerate its warm-up. 
Biodiesel
On the final day, the keynote address was deliv-
ered by Manohar K. Chaudhari (Automotive
Research Association of India), to highlight the cur-
rent status of biodiesel in India, as well as alternative
fuels such as ethanol and hydrogen-compressed nat-
ural gas (H2-CNG). The Indian automotive industry
is expected to grow enormously over the next 10
years. There is concern over fuel supply/demand in
India. By 2016 India is expected to account for
around 5% of the world’s oil consumption, with
70% of the oil consumed being imported. The use
of biodiesel as an alternative fuel is a reality in India;
its potential has been widely surveyed and a number
of feedstocks tested. India’s tropical climate, which
favours the growth of crops, combined with huge
areas of waste land and cheap labour make India a
prime candidate for biodiesel use. Jatropha is the
most environmentally and economically feasible
biofuel crop in India, and can theoretically provide
10% of its diesel requirements; this is ideal for use
in a diesel blend. This will have a significant impact
on the rural economy, and concerns over the envi-
ronmental impact of growing large amounts of
crops are currently being addressed. On the other
hand, biodiesel provides some emissions benefits,
compared to standard diesel, with lower CO, THC
and PM emissions. In addition to biodiesel blends,
compressed natural gas (CNG) and liquefied petro-
leum gas (LPG) are becoming more important in
India. For example, in 1998 Delhi was listed as one
of the 10 most polluted cities in the world; 70% of
the pollution was from vehicles and the PM level
was 10 times the legal limit. The use of CNG in
Delhi’s vehicles has resulted in much better air qual-
ity, and a CNG infrastructure is growing quickly
there and in Mumbai, with plans to expand to a fur-
ther 28 cities. This is leading to growing consumer
confidence in CNG, even though it is necessary to
tune engines for CNG use, otherwise increased
NOx emissions result. LPG use is also growing, but
at a much slower rate than CNG. Other fuels men-
tioned by Chaudhari as potential alternatives in
India were 5% ethanol/gasoline blends and 5 to
20% H2-CNG, though little detail on their applica-
tion was given. Looking into the future, the use of
hydrogen and fuel cells was proposed, with one mil-
lion vehicles to be in operation by 2020.
Rapeseed methylester (RME) biodiesel was test-
ed on a heavy-duty diesel engine by Hu Li and
coworkers (University of Leeds, U.K. and
Universidad Nacional de Asuncion, Paraguay):
‘Study of Emission and Combustion Characteristics
of RME B100 Biodiesel from a Heavy Duty DI
Diesel Engine’ (2007-01-0074). The emissions were
compared with those from conventional diesel, and
a significant reduction in PM, volatile organic frac-
tion (VOF), CO and THC was observed. This was
confirmed by Sathaporn Chuepeng and coworkers
(University of Birmingham, U.K.), in collaboration
with Jaguar Cars Ltd, U.K.: ‘A Study of Quantitative
Impact on Emissions of High Proportion RME-
Based Biodiesel Blends’ (2007-01-0072). They
varied the proportion of biodiesel contained in
diesel blends, and found that the amount of
biodiesel affected the emissions: increased NOx was
observed, but the use of high RME blends resulted
in significant reduction in PM. Finally, Delanie
Lamprecht (Sasol Ltd), in: ‘Elastomer Compatibility
of Blends of Biodiesel and Fischer-Tropsch Diesel’
(2007-01-0029), investigated the effect of the use of
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applications in engines. It is known that neat
biodiesel, and high percentage blends, can degrade
certain types of elastomer over time. Using standard
nitrile-butadiene rubber (NBR), it was found that
elastomer compatibility should not be a problem
with the 20% biodiesel/GTL synthetic diesel blend
employed in the study.
Other Oxygenated Fuels
A number of presentations addressed other oxy-
genated fuels. For example, Mitsuharu Oguma and
Shinichi Goto (AIST, Japan) presented the success-
ful operation of a medium duty truck on public
roads using dimethyether (DME) fuel: ‘Evaluation
of Medium Duty DME Truck Performances –
Field Test Results and PM Characteristics’ (2007-
01-0032). Jamie Turner et al. (Lotus Engineering,
U.K.), in: ‘Alcohol-Based Fuels in High
Performance Engines’ (2007-01-0056), discussed
the operation of a high-speed sports car engine run-
ning on an ethanol-based fuel (ethanol containing
15% gasoline by volume: E85). Some engine modi-
fications were required for optimised running, for
example, to injectors. The results of the study were
applied to a Lotus Exige 265E sports car: better
CO2 emissions, compared with gasoline, were
observed, as well as excellent performance. Also,
Miloslaw Kozak and coworkers (Poznan University
of Technology and BOSMAL Automotive R&D
Centre, Poland) presented an investigation of the
effect of dosing Euro V diesel fuels with 5% of an
oxygenated fuel additive on the exhaust emissions
from a Euro IV passenger car: ‘The Influence of
Synthetic Oxygenates on Euro IV Diesel Passenger
Car Exhaust Emissions’ (2007-01-0069). The gen-
eral conclusion was that the addition of some
oxygenates, such as triethylene glycol dimethylether,
can significantly reduce the emissions of CO, THC
and PM, but with slightly higher NOx emissions.
Concluding Remarks
Summarising, the general theme running
through the entire conference was the well-known
problem of ensuring a secure and adequate fuel sup-
ply, which is only likely to worsen in the future.
Therefore, a wider range of fuels will become avail-
able, necessitating improved engine design and
aftertreatment devices that operate with a wide
range of fuels. In addition, reducing emissions will
continue to be a challenge.
The obvious effect of this will be the future need
for more and improved pgm and other catalysts for
a whole host of applications. For example, enor-
mous amounts of catalysts for use in gas-to-liquids,
coal-to-liquids and biomass-to-liquids plants will be
required to bring the extra synthetic fuels capacity
to the levels desired, as discussed in the conference.
Furthermore, biodiesel manufacture, for example
by transesterification, will become more important.
The knock-on effect of this wide range of new fuels
on emissions control will need to be studied and
understood: for example, what will be the effect of
using biodiesel on the efficacy of a particulate filter
in controlling emissions of particulate matter?
Finally, in the long term, the use of hydrogen as an
alternative fuel will place demands on materials
manufacturers. This will be due not only to the
requirements of hydrogen production, using alter-
natives to fossil fuels as feedstocks, together with
new catalyst technologies, but also because of the
need for efficient and high-capacity hydrogen
storage media.
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On 3rd May 2007, two Royal Society of
Chemistry National Chemical Landmark plaques
were unveiled at Imperial College London (IC),
by Sir Richard Sykes FRS, the Rector of the col-
lege, and by Professor Jim Feast FRS, President
of the Royal Society of Chemistry. They com-
memorate two past Nobel Laureates: Sir
Geoffrey Wilkinson FRS, 1921–1996, (see
Figure 1), and Sir Derek Barton FRS,
1918–1998. Both had been students at IC; both
left and returned some fifteen years later to take
up professorial chairs there. The unveiling event
also formed part of the Centenary celebrations
(1) for the college, which was founded in 1907
by merging the Royal College of Science, the
Royal School of Mines and the City and Guilds
College. Some 150 people attended; there was a
reception afterwards and a dinner for thirty of
the guests.
Barton did innovative and distinguished work
on the conformational analysis of complex
organic molecules. Here we concentrate on Sir
Geoffrey Wilkinson (Figure 2), who devoted
much of his research to platinum group metals
(pgms) chemistry (indeed some 200 of his 557
publications concern the pgms). Virtually all his
pgm research used materials from the Johnson
Matthey Loan Scheme, so it was fitting that Dr
Barry Murrer, Director of the Johnson Matthey
Technology Centre, Sonning Common, U.K.,
was present at the unveiling ceremony and the
dinner. An exhibition of Wilkinson memorabilia
included a model of ferrocene presented to him
by IC inorganic chemists on the occasion of his
25th year at IC in 1981, and rhodium-plated by
Johnson Matthey (Figure 3). This neatly symbol-
ises both the work for which he won his Nobel
prize (on ferrocene and other organometallic
compounds) and his subsequent rhodium and
other pgm work.
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Fig. 1  Plaque at Imperial College, London,
commemorating Professor Sir Geoffrey Wilkinson FRS,
1921–1996; photo courtesy of the Royal Society of
Chemistry
Fig. 2  Sir Geoffrey Wilkinson FRS, Professor of
Inorganic Chemistry, Imperial College, London,
1956–1988 (Sir Edward Frankland chair from 1978);
Nobel Prize for Chemistry, 1973Platinum Metals Rev., 2007, 51, (3) 151
Career at Imperial College
Wilkinson’s early life and scientific work are out-
lined in Reference (2). In 1955, at the age of only 34,
he was appointed to the chair of Inorganic
Chemistry at IC. Highlights of Wilkinson’s time at
IC include his Fellowship of the Royal Society in
1965, Nobel Prize in 1973 and knighthood in 1976.
He became head of the Chemistry Department in
the same year. He formally retired in 1988, but until
the day before he died in 1996 he continued doing
innovative research with a dedicated team.
Work on Platinum Group Metals
Chemistry
His work on transition metal and organometal-
lic chemistry was wide-ranging and led to
applications of coordination complexes to organic
catalysis. Here we concentrate on the significant
and innovative work which he carried out with the
pgms. The following account draws in part from
two earlier sources written by the present author
and Wilkinson’s first Ph.D. student, Malcolm
Green (2), and with other ex-students (3).
Without the support of Johnson Matthey, who
provided him with pgms (2) under their Loan
Scheme, a generous contribution to science enduring
to this day, Wilkinson could have done little research
in the area. He knew well four Johnson Matthey stal-
warts of that time – Leslie Hunt, Henry Connor,
Frank Lever (who instigated the Loan Scheme in
1955) and A. R. Powell, and co-published with the
latter two in the 1960s. In 1964 he wrote a prescient
article for Platinum Metals Review on ‘Organometallic
Compounds of the Platinum Metals’ (4). A frequent
visitor to the Johnson Matthey Technology Centre,
he would sometimes leave his and his colleagues’
pgm residues there in a supermarket shopping bag.
In 1988 Johnson Matthey provided him with a spa-
cious ‘Johnson Matthey Research Laboratory’ at IC,
and here he and a dedicated small group of talented
students continued innovative research until his
death in 1996 – he went to that laboratory, as was his
daily practice, until the day before he died.
Rhodium
Wilkinson used to talk of the ‘three R’s’ – rhodi-
um, ruthenium and rhenium. He isolated a
short-lived 
106Rh isotope, a fission product of 
235U,
while working at the University of California,
Berkeley, and in 1953 made salts of the [Cp2Rh]
+ and
[Cp2Ir]
+ cations. In 1961 he did some laboratory
work himself (5) (something which always terrified
his students), reacting cis- and trans-[RhCl2(en)2]
+
with Na(BH4) in a test-tube over a Bunsen burner,
giving the new [RhHCl(en)2]
+ cation as a foaming
brown solution – this he brandished around, calling
out “Who wants a Ph.D.?”. With that Johnson
Matthey wizard of practical chemistry, A. R. Powell,
he isolated salts of the new hydrides [RhH(NH3)5]
2+
and [RhH(H2O)(NH3)4]
2+ in 1966 (6).
In 1965 he found that fac-RhCl3(PPh3)3 converted
hex-1-ene to n-heptaldehyde with H2 and CO under
pressure at 55ºC (7). The catalyst was difficult to
make, and it was during these preparations that
RhCl(PPh3)3 was isolated; this is now universally
known as Wilkinson’s catalyst, 1, (8). This versatile
material effects the hydrogenation of alkenes, hydro-
gen transfer reactions, hydrosilation, hydroacylation,
decarbonylation, hydroformylation, hydroboration,
oxidation, and bond cleavage of organic materials.
Fig. 3  The model of the ferrocene structure presented to
Geoffrey Wilkinson on the occasion of his 25th year at
Imperial College (1981), and rhodium-plated by Johnson
Matthey
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His full paper of 1966 describing its discovery and
the realisation that it would, with molecular hydro-
gen, catalyse the hydrogenation of alkenes, is a
classic, despite its uncharacteristically overlong and
completely unpunctuated title (9). This was a turn-
ing point in his career, perhaps more significant
than his elucidation of the ferrocene structure.
Although not mentioned in his Nobel citation, this
work probably contributed to the case for the prize.
At around the same time Wilkinson realised that
the hydroformylation reactions seemingly catalysed
by RhCl(PPh3)3 were actually due to the known
RhH(CO)(PPh3)3, 2, (10, 11). Among many other
reactions, this species catalyses the hydroformyla-
tion of propylene to n-butyraldehyde (a PVC
precursor). This was one of his most important
contributions to industry.
Iridium
In the mid-1960s to 1970s, research on iridium
was quite rare, and Wilkinson came to it late. After
his 1953 work on [Cp2Ir]
+, it was not until 1991 that
he made Ir(mesityl)3 and Ir(mesityl)4 (12) – very
unusual chemistry – and in 1992 a square
planar, paramagnetic iridium(II) complex,
Ir(mesityl)2(SEt2)2 (13).
Ruthenium
This, Wilkinson said, was “an element for the
connoisseur”. He made ruthenocene, Cp2Ru and
salts of [Cp2Ru]
+ in 1952, and with A. R. Powell of
Johnson Matthey in 1964–5 worked on mixed-
valence ruthenium carboxylates (14, 15). He worked
too on RuX2(LPh3)3 (X = Cl, Br; L = P, As, Sb),
useful catalysts for a variety of reactions and also
precursors for many other ruthenium complexes
(16). In later work he isolated tetrahedral homolep-
tic RuR4 complexes, for example, the
tetrakis(mesityl) Ru(C9H11)4 (17) and even salts of
[Ru(CH3)6]
3+ (18).
Osmium
Wilkinson was chagrined by the fact that it was
his rival (though co-Nobel laureate) Ernst Fischer
who first made osmocene, Cp2Os, in 1958. As with
iridium, he came to osmium chemistry late in his
career, but made up for this with his preparation of
the astonishing tetrakis(
tbutylimido) osmium
species, 3, a catalyst for amination reactions (19, 20).
Palladium and Platinum
These received less attention from Wilkinson,
although he was particularly proud of his transmu-
tation of platinum to gold, a feat which caught the
public imagination with the headline: ‘Scientist
Discovers Goldmine in the Cyclotron’, in the San
Francisco Chronicle, 1948. This may have been
because these metals are less versatile in their oxida-
tion states than the other four, but he did some
seminal work with reactions of M(PPh3)3 (M = Pd,
Pt) (21) and with the nitrosyl (22) and carboxylate
complexes (11, 23) of the two metals.
Concluding Remarks
Wilkinson made many contributions to chem-
istry, many of them concerned with the pgms, and
was a prime contributor to what was (in those heady
days) called the renaissance of inorganic chemistry.
He was fortunate to have been associated with the
atomic bomb project, assimilating profound chem-
ical knowledge from that experience, and to have
lived at a time when one could still do research for
its own sake. He used his knowledge well, with a
remarkable instinct for the new experiment, the
new area of research, producing really original and
creative new science.
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During 2005, the global car market generated rev-
enues to the tune of U.S.$839.7 billion, and this is
expected to increase by 24.5 per cent by 2010. The
Asia-Pacific region is a promising market, with a share
of more than 26 per cent of global car sales in 2005;
this is forecast to increase to 33 per cent by 2010. In
terms of car production volumes, Asia-Pacific
accounts for 41 per cent of the global market, and
South Korea produces 15 per cent of the region’s out-
put. With the industry forecasting that global
production by South Korean manufacturers will grow
by 11 per cent from 2005 to 2010, South Korea’s
strong automotive position within Asia-Pacific is set
to continue for many years to come. Moreover, South
Korea experienced economic growth of 4.8 per cent
during 2006 and is expected to see 4.2 per cent growth
in 2007.
Korea introduced stringent emissions legislation in
the 1980s, ahead of the European Union. Initially
adopting procedures similar to those in the United
States, the legislation has since been adapted with the
intention of harmonising with European as well as
U.S. standards (1).
Against this optimistic background, in January
2007 the latest of eleven Johnson Matthey autocatalyst
manufacturing plants opened at Jangan-Myeon in
South Korea. The plant was designed to satisfy
increasing market demands, while exploiting the latest
technologies with a view to optimising performance
and economic efficiency. New vehicle technologies
have emerged in order to meet increasing environ-
mental concerns worldwide. The Jangan-Myeon plant
ensures that Johnson Matthey’s autocatalysts not only
meet but exceed customer specifications.
The first stage of the plant consists of the manu-
facturing building, with an initial capacity of 2 million
autocatalysts per year, and designed with sufficient
foresight and flexibility for future expansion. Robots
are a key contributor to the manufacturing process,
accelerating it, making it more efficient and reliable,
decreasing human errors, and improving product
quality through enhanced accuracy. A computerised
control system fully links and integrates all stages 
of process operation. Machinery has been procured
worldwide as part of manufacturing process 
optimisation.
The second stage, to begin operating by the end of
2007, is the Applications and Test Centre. Again using
the latest technologies and state-of-the-art equipment,
this facility will offer customers a reliable and efficient
response to their specific catalyst development needs.
A full range of research and development activities
will include testing, analysis, benchmarking and simu-
lation. One of the principal aims for the Applications
and Test Centre is to ensure that washcoats (contain-
ing platinum group metals) continue to meet
customers’ ever more stringent specifications. Engine
test cells will enable compliance with the quality pro-
gramme requirements of the Korean motor industry.
The Jangan-Myeon autocatalyst plant will enable
Johnson Matthey to build on our already successful
relationships with South Korean automotive compa-
nies, providing them with industry-leading emissions
control technologies. The new plant further strength-
ens Johnson Matthey’s position in Asia, underlining
our commitment to this fast-growing region.
CARLOS SILVA
Reference
1 Johnson Matthey Emission Control Technologies,
‘Korea’s Resurgent Market’, Global Emissions
Management, Spring 2004, 2, (5),  pp. 4–5:
http://ect.jmcatalysts.com/pdf/2,5%20Koreas%20res
urgent%20market.pdf
Carlos Silva is General Manager of the Johnson Matthey Emission
Control Technologies plant at Jangan-Myeon, South Korea.
New Autocatalyst Plant for South Korea
JOHNSON MATTHEY MAKES USE OF THE LATEST TECHNOLOGIES
DOI: 10.1595/147106707X216819
Serving a growing market, the new Johnson Matthey
plant at Jangan-Myeon, South Korea, has an initial
capacity to produce 2 million autocatalysts per yearJohnson Matthey has published the
“Platinum 2007” edition of its annual survey of
the supply and demand of the platinum group
metals (pgms), addressing the calendar year
2006.
Global demand for platinum rose by 80,000
oz to 6.775 million oz in 2006. The autocatalyst
market grew by over 10 per cent, attributable
mainly to emission controls fitted to diesel vehi-
cles. Supplies of platinum also climbed in 2006,
to a record 6.785 million oz. Supply and demand
for platinum effectively balanced, with a nomi-
nal surplus of only 10,000 oz in 2006.
With the market share of light-duty diesel
vehicles in Europe growing to over 50 per cent,
and new emissions standards applied in early
2006, platinum consumption for autocatalysts in
Europe rose by 200,000 oz to 2.160 million oz.
The new requirement for catalysts on medium-
sized diesel vehicles in the U.S.A. and rapid
growth in production of passenger vehicles in
Asia also contributed to global auto demand of
4.195 million oz, reports Johnson Matthey; this
is an increase of 400,000 oz over 2005.
The rising price of platinum led to a small
decline in the volume of platinum jewellery pro-
duced in 2006. However, the price had little
impact on consumer purchasing in China.
Manufacturers’ new metal purchases were fur-
ther reduced by increased jewellery recycling in
China and Japan. Total world jewellery demand
for platinum fell by 360,000 oz in 2006 to 1.605
million oz.
Platinum consumption for autocatalysts is
expected to increase again in 2007, with most of
the rise attributable to diesel vehicles. Jewellery
manufacturers in Asia will continue to source
platinum partly from old stock, but Johnson
Matthey regards consumer demand for platinum
jewellery as encouragingly resilient. Weaker than
planned supply from South Africa earlier in
2007 and a recent hiatus in Russian exports due
to regulatory problems are expected to have
meant a tight market in the first half of 2007,
with liquidity set to increase in the second half as
South African mine output rises.
After five years of growth, annual demand
for palladium fell by 720,000 oz in 2006 to 6.635
million oz. Although demand for autocatalysts
was buoyant, demand for new metal from jew-
ellery manufacturers fell sharply. There was also
less interest in palladium physical investment
products. Production of palladium from South
Africa increased, but sales from state stocks by
Russia were significantly lower than in 2005.
Supplies accordingly fell to 8.060 million oz, a
decline of 345,000 oz. Overall, the palladium
market showed another large surplus of 1.425
million oz.
Johnson Matthey note autocatalyst demand
up by 150,000 oz to 4.015 million oz for 2006,
due to continuing substitution of platinum-
based catalysts by palladium on gasoline vehicles.
However, demand for palladium in the jewellery
sector fell by 435,000 oz to 995,000 oz, with vir-
tually all of the decline occurring in China.
The autocatalyst market is again predicted to
take more palladium in 2007. The prospects for
the palladium jewellery market are less certain,
according to Johnson Matthey. Primary produc-
tion of palladium is expected to rise, and supply
is to be augmented by sales from the large
amount of Russian state stocks shipped to
Switzerland at the end of 2006.
Two Special Features are included in
“Platinum 2007”: ‘Heavy Duty Diesel: A
Growing Source of PGM Demand’, and
‘Memories Are Made of This’, a survey of pgm
usage for personal computer hard disk drives.
“Platinum 2007”, Johnson Matthey PLC,
Precious Metals Marketing, Orchard Road,
Royston, Hertfordshire SG8 5HE, U.K.;
E-mail: ptbook@matthey.com; website:
http://www.platinum.matthey.com/publications.
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Platinum 2007PROPERTIES
Cyclic Oxidation of Ru-Containing Single Crystal
Superalloys at 1100ºC
Q. FENG, B. TRYON, L. J. CARROLL and T. M. POLLOCK, Mater.
Sci. Eng.: A, 2007, 458, (1–2), 184–194
The cyclic oxidation behaviour at 1100ºC of Ru
(3.5–9 at.%)-containing Ni-base single crystal superal-
loys (1) with Cr additions (0–8 at.%) has been
investigated. High levels of Cr additions (8 at.%) sig-
nificantly improved oxidation resistance. A
multilayered scale formed on (1); this generally con-
sisted of an external layer of NiO, an intermediate
layer of spinel and an α-Al2O3 inner layer (2). (2)
improved oxidation performance. Ru-rich precipi-
tates were observed in the spinel layer of (1) which
displayed poor oxidation resistance.
Electronic Properties of the Semiconductor RuIn3
D. BOGDANOV, K. WINZER, I. A. NEKRASOV andT. PRUSCHKE,
J. Phys.: Condens. Matter, 2007, 19, (23), 232202
Single crystals of RuIn3 (1) were grown using the
flux method with In as reactant and flux medium.
Temperature-dependent measurements of the resis-
tivity of (1) show a semiconducting behaviour, in
contrast to previously published results. In the high-
temperature range the semiconducting gap is 0.4–0.5
eV. An anisotropy of the resistivity along [110] and
[001] orientations of the tetragonal (1) was observed. 
CHEMICAL COMPOUNDS
Organometallic Molecular Materials: Self-Assembly
through Hydrogen Bonding of an Organoplatinum
Network Structure with Zeolite-Like Topology
F. ZHANG, M. C. JENNINGS and R. J. PUDDEPHATT, Chem.
Commun., 2007, (15), 1496–1498
[Pt(OH)2Me2(dpa)] (1) (dpa = di-2-pyridylamine)
was formed by oxidation of [PtMe2(dpa)] by H2.
[Pt2(μ-OH)2Me4(dpa)2][B(OH)(C6F5)3]2 (2) was
obtained by abstraction of a hydroxo ligand from (1)
by reaction with B(C6F5)3. (1) and (2) contain both H-
bonding PtOH groups and NH groups. Self-assembly
of (1) to form a complex network structure gave the
first “organometallic zeolite”.
Solvent-Free Synthesis of Metal Complexes
A. LAZUEN GARAY, A. PICHON andS. L. JAMES, Chem. Soc. Rev.,
2007, 36, (6), 846–855
Polymeric PtCl2 will react with solid phosphines
after grinding in a ball mill to give cis-[PtCl2(PPh3)2],
which can subsequently react with solid K2CO3 to
give [Pt(CO3)(PPh3)2]. Also, supramolecular host
structures, such as a tetraplatinum square and a nano-
scale bowl-shaped hexapalladium cage, self-assemble
with remarkable efficiency in the solid state. (39 Refs.)
ELECTROCHEMISTRY
Electrochemical Performance of Nano-Pt-Supported
Carbon Anode for Lithium Ion Batteries
W.-S. KIM, H. S. KIM, I.-S. PARK, Y. KIM, K.-I. CHUNG, J. K. LEE
and Y.-E. SUNG, Electrochim. Acta, 2007, 52, (13), 4566–4571
The title anode (1) was prepared by supporting Pt
nanoparticles onto C powder. The Pt nanoparticles
on the C surface helped to suppress the solvent
decomposition reaction: a protective film was formed
as soon as (1) had contact with the electrolyte. In
addition, the Pt nanoparticles act as catalyst reaction
sites to improve the Li discharge reaction.
Compositional and Electrochemical
Characterization of Noble Metal–Diamondlike
Carbon Nanocomposite Thin Films
N. MENEGAZZO, C. JIN, R. J. NARAYAN and B. MIZAIKOFF,
Langmuir, 2007, 23, (12), 6812–6818
Pt– and Au–diamondlike C (DLC) nanocomposite
films (1) were deposited onto Si substrates by modi-
fied pulsed laser deposition. Cross-sectional TEM
revealed that metal was present as arrays of noble
metal islands embedded within the DLC matrix. (1)
exhibited greater conductivity than their metal-free
counterparts. The electrochemical properties of (1)
were studied using quasi-reversible redox couples.
PHOTOCONVERSION
Photocatalytic Oxidation of NOx by Pt-Modified
TiO2 Under Visible Light Irradiation
Y. ISHIBAI, J. SATO, S. AKITA, T. NISHIKAWA and S. MIYAGISHI,
J. Photochem. Photobiol. A: Chem., 2007, 188, (1), 106–111
Photooxidation of NOx was carried out using TiO2
(Ishihara ST-01) treated with H2PtCl6. Pt-modified
TiO2 was obtained with different ligand structures
according to the Pt treatment method. TiO2 photo-
catalysts with certain Pt complexes produced
significant photocatalytic activity under visible light
irradiation without decreasing photoactivity under
UV light irradiation. The visible-light-induced photo-
catalytic activity depended on the amount of Pt. 
An Investigation on Palladium Sulphide (PdS)
Thin Films as a Photovoltaic Material
I. J. FERRER, P. DÍAZ-CHAO, A. PASCUAL and C. SÁNCHEZ, Thin
Solid Films, 2007, 515, (15), 5783–5786
Polycrystalline PdS thin films (1) with tetragonal
structure were grown by direct sulfuration of Pd lay-
ers. (1) exhibited a Seebeck coefficient, S = –250 ± 30
μV K
–1. Electrical resistivity of (1), measured by a
four contact probe, was (6.0 ± 0.6) × 10
–2 Ω cm. Hall
effect measurements confirmed n-type conductivity.
Optical absorption coefficient in the range of photon
energies hυ > 2.0 eV was higher than 10
5 cm
–1.
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Iridium(III) Complexes Bearing Quinoxaline Ligands
with Efficient Red Luminescence Properties
K. TANI, H. FUJII, L. MAO, H. SAKURAI and T. HIRAO, Bull. Chem.
Soc. Jpn., 2007, 80, (4), 783–788
Excellent quantum efficiencies (50–79%) for pho-
toluminescence were attained for cyclometallated
Ir(III) complexes (1) bearing 2,3-diphenylquinoxa-
lines in CH2Cl2. Luminescence peak wavelengths of
(1) were within the preferred range of 653–671 nm in
thin films. The most vivid red electrophosphores-
cence was achieved with an acetylacetonato Ir
complex bearing 2,3-diphenylquinoxaline.
ELECTRODEPOSITION AND SURFACE
COATINGS
In Situ Raman Spectroscopy of Annealed
Diamondlike Carbon–Metal Composite Films
C. JIN, H. ZHOU, S. GRAHAM and R. J. NARAYAN, Appl. Surf.
Sci., 2007, 253, (15), 6487–6492
Films of diamondlike C, diamondlike C–Pt com-
posite and diamondlike C–Au composite were
annealed to 523ºC. The Raman spectra for these films
were fitted using a two-Gaussian function. The varia-
tions of the G-peak position, the D-peak position,
and the ID/IG ratio were examined as a function of
temperature. The diamondlike C film exhibited
greater thermal stability than the diamondlike
C–noble metal composite films.
Synthesis of PVP Stabilized Cu/Pd Nanoparticles
with Citrate Complexing Agent and Its Application
as an Activator for Electroless Copper Deposition
S. H. Y. LO, Y.-Y. WANG and C.-C. WAN, J. Colloid Interface Sci.,
2007, 310, (1), 190–195
Cu/Pd nanoparticles (1) were synthesised in aque-
ous solution using trisodium citrate as additive. The
protecting agent PVP was added after the citrate. (1)
exist in a stable suspension. XPS of (1) revealed small
amounts of oxidised Pd on the surface and the exis-
tence of zerovalent Cu and oxidised Cu. (1) exhibited
catalytic activity comparable to that of conventional
Pd/Sn activator. (1) have potential as an activator for
electroless Cu deposition in the PCB industry.
Electrodeposition of Magnetic CoPd Thin Films:
Influence of Plating Condition
F. M. TAKATA and P. T. A. SUMODJO, Electrochim. Acta, 2007,
52, (20), 6089–6096
The title thin films (1) were electrodeposited from a
chloride plating bath containing glycine as additive.
The Co content in (1) could be varied from 6.4–94.0
at.% by controlling the pH and [Co
2+]/[Pd
2+] ratio in
the bath. Current densities > 50 mA cm
–2 gave
deposits with a typical ‘cauliflower’ morphology. For
current densities < 25 mA cm
–2 cracks were observed.
XRD showed that (1) were amorphous. The magnet-
ic properties for (1) revealed that the coercivity (Hc)
values ranged from 84–555 Oe and the magnetic sat-
uration (Ms) from 0–1.73 T.
APPARATUS AND TECHNIQUE
Pd Encapsulated and Nanopore Hollow Fiber
Membranes: Synthesis and Permeation Studies
B. K. R. NAIR and M. P. HAROLD, J. Membrane Sci., 2007, 290,
(1–2), 182–195
“Pd encapsulated” (1) and “Pd nanopore” (2) mem-
branes on α-Al2O3 hollow fibres were synthesised by
sol slip casting, film coating, and electroless plating
steps. The unaged (1) exhibited good performance
with ideal H2/N2 separation factors of 3000–8000 and
H2 flux ~ 0.4 mol m
–2 s
–1 at 370ºC. The unaged (2)
had a lower initial flux and permselectivity, but exhib-
ited superior performance after 200 h.
HETEROGENEOUS CATALYSIS
HCN Synthesis from Methane and Ammonia over
Platinum
S. DELAGRANGE and Y. SCHUURMAN, Catal. Today, 2007, 121,
(3–4), 204–209
TAP (temporal analysis of products) experiments
were conducted for the synthesis of HCN from NH3
and CH4 over Pt black. At 1173 K the HCN produc-
tion rate depends on the order of introducing the
reactants. HCN is formed rapidly on the CH4 pulse
just after introducing NH3. A slow formation of HCN
is observed on the NH3 pulse that follows a CH4
pulse. The rate-determining step for the formation of
HCN is the NH3 decomposition rate.
Synthesis and Characterization of Pt/Mg(Al)O
Catalysts Obtained From Layered Double
Hydroxides by Different Routes
O. LORRET, S. MORANDI, F. PRINETTO, G. GHIOTTI, D. TICHIT,
R. DURAND and B. COQ, Microporous Mesoporous Mater., 2007,
103, (1–3), 48–56
Pt-containing Mg/Al layered double hydroxides at
different Pt loadings (0–3.2 wt.%) were prepared by
coprecipitation, impregnation and sol-gel methods.
After activation and reduction treatments, Pt nano-
clusters interacting with Mg(Al)O supports were
obtained. The behaviour of Pt/Mg(Al)O systems as
multifunctional catalysts was investigated in the cas-
cade reaction between benzaldehyde and propanal.
Pd-Based Sulfated Zirconia Prepared by a Single
Step Sol–Gel Procedure for Lean NOx Reduction
E. M. HOLMGREEN, M. M. YUNG and U. S. OZKAN, J. Mol. Catal.
A: Chem., 2007, 270, (1–2), 101–111
The title catalysts (1) were obtained via a single-step
sol-gel procedure. Tetragonal zirconia was formed at
lower temperatures; larger zirconia crystallites were
obtained when Pd was added to the gel. Raman spec-
tra of (1) calcined at 700ºC showed both the
tetragonal and the monoclinic phases, indicating a
surface phase transition. (1) were active for the reduc-
tion of NO2 with CH4 under lean conditions. (1)
calcined at 700ºC were much more active than (1) cal-
cined at 600ºC, despite the observed transition to the
monoclinic phase.
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XPS and 
1H NMR Study of Thermally Stabilized
Rh/CeO2 Catalysts Submitted to Reduction/Oxidation
Treatments
C. FORCE, E. ROMÁN, J. M. GUIL and J. SANZ, Langmuir, 2007,
23, (8), 4569–4574
Rh/CeO2 (1) was prepared by incipient wetness
impregnation of CeO2 with a solution of Rh(NO3)3.
(1) was submitted to different H2 reduction, Ar
+ sput-
tering, and oxidation treatments. Below 473 K,
reduction increased the amount of OH and Ce
3+
species; above this temperature, reduction produced
O vacancies at the surface of the support. From 
1H
NMR, the metal dispersion was deduced and the
mean size of the metal particles (38 Å) estimated.
HOMOGENEOUS CATALYSIS
Screening of a Modular Sugar-Based Phosphite-
Oxazoline Ligand Library in Asymmetric
Pd-Catalyzed Heck Reactions
Y. MATA, O. PÀMIES and M. DIÉGUEZ,Chem. Eur. J., 2007, 13,
(12), 3296–3304
A library of phosphite-oxazoline ligands (1) derived
from  D-glucosamine was synthesised. (1) were suc-
cessfully screened in the Pd-catalysed Heck reaction
of several substrates with high regio- (≤ 99%) and
enantioselectivities (ee’s ≤ 99%) as well as with
improved activities. The catalytic activity was highly
affected by the oxazoline and biarylphosphite sub-
stituents and the axial chirality of the biaryl moiety of (1).
Development of a Concise Scaleable Synthesis of
2-Chloro-5-(pyridin-2-yl) Pyrimidine via a Negishi
Cross-Coupling
C. PÉREZ-BALADO, A. WILLEMSENS, D. ORMEROD, W.
AELTERMAN and N. MERTENS, Org. Process Res. Dev., 2007,
11, (2), 237–240
A Negishi cross-coupling between an in situ prepared
2-pyridylzinc chloride and 5-iodo-2-chloropyrimidine
catalysed by Pd(PPh3)4 afforded 2-chloro-5-(pyridin-2-
yl) pyrimidine (1) in one step. Chromatography can be
omitted as a convenient purification was developed.
The method has been used on a mini-plant scale to
produce 16 kg of (1). The Pd and Zn content of (1)
was acceptable for the production of its derived API,
a selective PDE-V inhibitor.
FUEL CELLS
Nanoscale Current Imaging of the Conducting
Channels in Proton Exchange Membrane Fuel Cells
D. A. BUSSIAN, J. R. O’DEA, H. METIU and S. K. BURATTO, Nano
Lett., 2007, 7, (2), 227–232
A Pt-coated AFM tip was used as a nanoscale cath-
ode in a PEMFC. Inhomogeneous distributions of
conductive surface domains at several length scales
were found. Phase current correlation microscopy
showed that a large number (~ 60%) of the aqueous
domains present at the surface of the operating
Nafion membrane were inactive.
Surface-Modified Carbons as Platinum Catalyst
Support for PEM Fuel Cells
A. GUHA, W. LU, T. A. ZAWODZINSKI and D. A. SCHIRALDI,
Carbon, 2007, 45, (7), 1506–1517
The ability of functionalised high surface area
graphitic (C nanofibres) and amorphous (activated C)
C to homogeneously support Pt particles was investi-
gated. Functionalisation by conc. acid treatment
created various O carrying functionalities on the C
surfaces. Chemical reduction of the Pt precursor
complex, using milder reducing agents at 75–85ºC,
and using ethylene glycol at 140ºC, gave the smallest
Pt particle sizes. XPS confirmed the existence of Pt in
(primarily) its metallic state on the functionalised C.
Characterization and PEMFC Testing of Pt1–xMx
(M = Ru, Mo, Co, Ta, Au, Sn) Anode 
Electrocatalyst Composition Spreads
D. A. STEVENS, J. M. ROULEAU, R. E. MAR, A. BONAKDARPOUR,
R. T. ATANASOSKI, A. K. SCHMOECKEL, M. K. DEBE and J. R.
DAHN, J. Electrochem. Soc., 2007, 154, (6), B566–B576
Pt1–xMx random alloy samples were deposited via
magnetron sputtering through shadow masks onto a
nanostructured thin-film support for testing in a 64-
electrode PEMFC. CO stripping voltammograms and
H2 oxidation polarisation curves with pure H2 and
reformate (≤ 50 ppm CO) were measured. Ru, Mo,
and Sn were confirmed to improve the CO tolerance
of Pt, although the intrinsic H2 oxidation activity of Pt
decreased significantly as the Sn content increased.
Autothermal Reforming of Gasoline on Rh-Based
Monolithic Catalysts
A. QI, S. WANG, C. NI and D. WU, Int. J. Hydrogen Energy, 2007,
32, (8), 981–991
0.3 wt.% Rh/3 wt.% MgO/20 wt.% CeO2-ZrO2
supported on cordierite monolith was used for ATR.
At 650–800ºC, O2/C molar ratio of 0.38–0.45 and
H2O/C ratio of 2.0, octane was fully converted into
reformate (+ small amount of CH4), whereas toluene
converted into CH4-free reformate at a relatively
higher temperature. A 1 kW gasoline fuel processor
for fuel cell application was successfully operated at a
(H2 + CO) throughput of 0.9–1.0 m
3 h
–1 for 60 h.
MEDICAL USES
Corrosion Behaviour of FePt-Based Bulk Magnets
in Artificial Saliva Solution
A. GEBERT, S. ROTH, R. GOPALAN, A. A. KÜNDIG and L.
SCHULTZ, J. Alloys Compd., 2007, 436, (1–2), 309–312
The corrosion behaviour of Fe50Pt50, Fe35Pt35P30 and
Fe53Pt44C3 magnets was investigated in artificial saliva
solution at 37ºC. Electrochemical polarisation mea-
surements and SEM showed that the alloys exhibit a
Pt-like behaviour (highly stable). Enhanced corrosion
activity did not occur when these alloys were coupled
with commercial Fe- and CoCr-based dental alloys. A
low-corroding state was attained in combination with
the dental spring steel Fe-18Cr-18Mn-2Mo-1N.
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METALS AND ALLOYS
Palladium Alloy
DERINGER NEY INC European Appl. 1,756,325
A family of Pd alloys are claimed which can be used
for in-body medical devices or for electrical contacts
such as low-noise signal sliding or static contacts. The
alloys have high strength, radio opacity and biocom-
patibility and are workable. Components may include
Pd and B plus at least one element selected from Ru,
Ir, Pt, Re, W, Au, Zr, Co, Ni and Ta; preferably (in
%): 45–99.95 Pd, 0.005–1.5 B, 0–25 Re and optional-
ly 0–8 Ru. Alternative compositions include Pd and
Ru with at least one element selected from Ir, Pt, B,
Re, W, Au, Zr, Co, Ni and Ta.
Osmium Diborides
REGENTS UNIV. CALIFORNIA European Appl. 1,761,463
Os compounds of formula OsxM1–xB2 (1) where 
M = Ru, Re or Fe and 0.01 ≤ x ≤ 1; except when 
x ≠ 1 and M = Re, then 0.01 ≤ x ≤ 0.3, are claimed
which are ultra-hard and incompressible. (1) have
Vickers hardness ≥ 2000 kg mm
–2 and can be used in
place of other ultra-hard materials for abrasives, pro-
tective coatings or the surfaces of cutting tools.
PHOTOCHEMISTRY
Electroluminescent Iridium Complexes
OLED T LTD European Appl. 1,761,614
Electroluminescent devices incorporate an electro-
luminescent layer containing complexes of Ir, Ru, Rh,
Pd, Pt or Os, preferably Ir. Ligands may include 2-
benzo[b]thiophenyl and benzimidazole, and give
complexes such as bis[thiophen-2-yl-pyridine-C
2,N´]-
2-(2-pyridyl)-benzimidazole iridium.
Facial Tris-Cyclometallated Complexes
EASTMAN KODAK CO U.S. Appl. 2007/0,078,264
A process for forming a facial tris-cyclometallated Ir
or Rh complex isomer includes a step of heating a
solution of a meridional Ir or Rh complex isomer in
an unsubstituted or halogenated hydrocarbon solvent
or a mixture, to a temperature of ≥ 150ºC. Ligands
may include at least one 1-phenylisoquinoline, 
3-phenylisoquinoline or 2-phenylquinoline group,
and optionally a phenylpyridine group.
ELECTRODEPOSITION AND COATINGS
Ruthenium Plating Seed Layer
IBM CORP World Appl. 2007/044,305
A plating seed layer for an interconnect structure
contains an O/N transition region between bottom
and top plating seed regions, which may contain Ru,
Ir or alloys thereof, but are preferably both Ru. An
interconnect conductive material may include Cu, Al,
W or AlCu, preferably Cu.
Platinum Electrode Surface Coating
SECOND SIGHT MED. PROD. INC
World Appl. 2007/050,212
A rough-configuration electrode surface coating
and method for its manufature is claimed, which can
be applied to a conductive substrate such as Ru, Rh,
Ir, Pd, Pt, Ti, Zr, Nb, Ta, Cr, Mo, W, Mn, Re, Ni,
Ag, Au or C. Pure Pt is coated onto the surface by
electroplating at a rate faster than would be required
to produce shiny Pt, but slower than required to
produce Pt black, preferably between 0.05–1.0 μm
min
–1. The coating gives an increase in surface area
of 5–500 times vs. the original substrate surface, and
is biocompatible.
Nitrogenated Hard Bias Layers Containing Platinum
HITACHI GLOB. STORAGE TECHNOL.
U.S. Appl. 2007/0,091,515
A read sensor for a magnetic head includes a sensor
stack, hard bias layers and lead layers. The hard bias
layers are formed from a nitrogenated Co-based alloy
such as nitrogenated CoPtCr or CoPt, by ion beam
deposition using a sputtering gas such as Xe with N2
as a reactive gas. Coercivity and squareness are
improved by the nitrogenation. The sensor can be
used for a magnetic data storage device.
Platinum-Iron Alloy Plating Solution
CANON INC Japanese Appl. 2006-265,716
A solution for plating a magnetic PtFe alloy includes
ammonium hexachloroplatinate and an Fe compo-
nent stabilised by a complexing agent such as tartaric
or citric acid. The pH is between 6–9.5. An electrode
and an object to be plated are positioned in a vessel
containing the solution, and voltage is applied to the
electrode to effect plating.
Osmium Coating for TEM Samples
SUMIKA CHEM. ANAL. SERV. LTD
Japanese Appl. 2006-329,743
A sample of a material such as a semiconducting
material is prepared for transmission electron micro-
scope analysis by coating the surface with a film of
Os. A preparatory protective coating of Pt, Pd, PtPd,
AuPd or Au may first be applied by vacuum vapour
deposition. The prepared sample forms a thin film
integrated circuit.
Push Switch with Rhodium Coating
FUJIKURA LTD Japanese Appl. 2006-351,255
A dome-type push switch includes a dome shaped
metal spring made from a thin plate of stainless steel
or phosphor bronze with a surface coating of Rh. The
good corrosion resistance and high hardness (Vickers
hardness Hv = 800–1000) of Rh means that improved
corrosion resistance and wear resistance can be
obtained even when using a thin layer of Rh.
NEW PATENTS
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APPARATUS AND TECHNIQUE
Pirani Pressure Gauge with Platinum Alloy Filament
THE BOC GROUP PLC European Appl. 1,771,710
A thermal conductivity pressure gauge includes a
heated, coiled sensing filament made from an alloy of
Pt and Ir, containing ≥ 70% Pt and preferably 
~ 90% Pt and 10% Ir. The filament is arranged in a
non-linear configuration, for example a V-shape, and
can be used in a corrosive environment to reliably
measure pressures down to 10
–4 mbar over a pro-
longed period of time.
Palladium-Based Alloy for Sensor
SHANGHAI RUISHI INSTRUM. ELECTRON. CO LTD
Chinese Appl. 1,773,211
An ultralow-temperature drift electric eddy-current
displacement and vibration sensor is claimed which
includes a probe formed from a Pd-based inductive
coil, a coaxial connecting cable and a preamplifier.
The coil is made from an alloy wire containing (in
wt.%): 58.6–65.4 Pd, 13.4–20.2 Ag and 16.6–23.4 Au.
A connecting cable includes a core wire with (in
wt.%): 36–43 Cu, 10–17 Au and 45–52 Ag.
HETEROGENEOUS CATALYSIS
N2O Decomposition Catalyst
STICHTING ENERGIE European Appl. 1,755,770
A catalyst can be used for decomposition of N2O in
a gas which may also contain NOx, O2 and/or H2O
and has < 50 ppm hydrocarbon. A zeolite is first
loaded with 0.00001–4 wt.% of a metal selected from
Ru, Rh, Os, Ir, Pt, Ag, Re and Au, preferably Ru, Rh,
Os or Ir. Then a second metal (0.1–10 wt.%) is
loaded, selected from Fe, Co, Ni, V, Cr, Mn or Cu,
preferably Fe, Co or Ni.
Synthesis of C2 Oxygenates from Carbon Monoxide
BP PLC European Appl. 1,755,780
A SiO2-supported catalyst for synthesis of C2-oxy-
genates such as EtOH, CH3CHO and CH3CO2H, by
hydrogenation of CO has the formula RhMnFeM1M2,
where M1 = Li and/or Na, and M2 = Ru and/or Ir.
Rh is 0.1–3 wt.% of total catalyst, and the weight
ratios of the other constituents vs. Rh are: 0.5–12 Mn,
0.01–0.5 Fe, 0.01–1 M1 and 0.1–1.0 M2. The catalyst
is prepared from a solution containing compounds of
the desired components, which is impregnated onto
SiO2 gel support and then dried at 283–473 K for 
2 h–20 days. It may be reduced in situ in pure H2(g) or
a gas containing H2, at 573–673 K for ≥ 1 h.
Platinum Group Metal Oxide Sols
JOHNSON MATTHEY PLC European Appl. 1,761,335
A sol is formed from nanoparticles of Pt, Pd, Rh, Ir,
Ru or Os oxides plus stabiliser ions dispersed in an
aqueous liquid. Nanoparticles have average diameter
< 10 nm and the molar ratio of metal to stabiliser ions
is ≥ 0.7. The sol can be contacted with a support
material in the form of a powder, an aqueous slurry or
a solid substrate to form a supported catalyst.
Iridium Catalyst System for Alkane Metathesis
A. S. GOLDMAN et al. U.S. Appl. 2007/0,060,781
A method of making a liquid hydrocarbon fuel such
as gasoline or diesel fuel from synthesis gas produced
by Fischer-Tropsch catalysis includes a step of con-
verting low molecular weight alkanes, CnH2n+2
(n = 3–10), to higher molecular weight alkanes,
CmH2m+2 (m = 4–40), using a dual catalyst system. This
includes a H transfer catalyst, preferably an Ir pincer
complex catalyst, and a metathesis catalyst. Both cat-
alysts are heterogeneous and may be immobilised on
the same or separate solid supports.
Exhaust Gas Cleaning Catalyst
TOYOTA MOTOR CORP Japanese Appl. 2006-297,237
A catalyst for exhaust gas purification is claimed
which controls sintering of Pt particles. Pt is support-
ed on a metal oxide carrier containing Mg and Al
oxides, where atom ratio of Mg to total Mg and Al is
1/3–4/5, and particle size of MgO is ≤ 20 nm. MgO
is supported in a spinel.
Nitric Acid Reduction Catalyst
KOBE STEEL LTD Japanese Appl. 2006-314,888
A HNO3 reduction catalyst composition includes
Pt, Cu and Sn and is effective for reduction of NO3
–,
NO2
–, etc. in the presence of H2(g), including at high
HNO3 concentrations and pH ≤ 2. The atomic ratio
of each constituent is in the range (in at.% vs. Pt)
10–50 Cu  and 0.5–10 Sn, and the composition may
be supported on a solid support.
Hydrogenation Catalyst
DALIAN TECHNOL. UNIV. Chinese Appl. 1,775,361
Nanoparticulate hydrogenation catalysts, with diam-
eter 5 nm–500 μm, are prepared using a chemical
displacement process. A salt of a metal N, selected
from Ru, Rh, Pd, Pt and Ir or a mixture, is combined
with a metal M, selected from Zn, Al, Fe, Co and Ni,
then a displacement reaction is carried out to give
metal N. When the molar ratio N:M is between
1:10–1:10,000, a catalyst of the type N/M is formed,
where N is supported on M. When the molar ratio
N:M is between 1:1–1:10, a highly dispersed N colloid
catalyst is formed. Addition of a stabilising agent to
the colloid gives a supported catalyst of type N/S,
where S = C, Al2O3, SiO2, MgO, ZrO2 or CeO2.
HOMOGENEOUS CATALYSIS
Continuous Metathesis with Ruthenium Catalysts
BOEHRINGER INGELHEIM INT. European Appl. 1,765,497
A continuous process for carrying out a metathesis
reaction, such as RCM, in the presence of a Ru cata-
lyst, is claimed. The five-coordinated Ru complex
catalyst includes 2 anionic ligands, 2 neutral ligands
and 1 carbene ligand which may optionally be linked
to one or both of the neutral ligands. Reaction may be
carried out in solution on a packed column with a
fixed retention time, in a sequence of one or more
stirred vessels with a catalyst inactivation region in the
final vessel, or in one or more microreactors.Platinum Metals Rev., 2007, 51, (3) 161
Enantiomers of 3-Hydroxy-3-phenyl-propylamines
BOEHRINGER INGELHEIM PHARMA GmbH
European Appl. 1,765,766
An improved process for industrial preparation of
enantiomerically pure 3-hydroxy-3-phenyl-
propylamines uses asymmetrical hydrogenation as a
key step, with an optional sequence of subsequent
steps. The catalyst system consists of Rh and chiral 4-
(dicyclohexylphosphino)-2-(diphenylphosphinometh
yl)-N-methylaminocarbonylpyrrolidine. Reaction is
carried out at 0–100ºC, 1–150 bar, for 2–48 h and
optionally in the presence of a protic diluent such as
H2O and less than 1 equivalent of a weak base. The
process can be used in the synthesis of products such
as R-atomoxetine, S-fluoxetine or S-norfluoxetine.
ROMP with Fluorinated Groups
D. LAZZARI et al. U.S. Appl. 2007/0,037,940
New metathesis oligomers are claimed which are
substituted with fluorinated groups, and can be pre-
pared by ROMP from a polymerisable composition
including: a penta- or hexavalent Ru or Os carbene
catalyst which contains 2 anionic ligands; 2 or 3 mon-
odentate, neutral electron donor ligands; and an aryl,
arylthio or C3–C5 alkenyl carbene ligand. The prod-
ucts can be used to increase the oil and water
repellence of organic materials.
FUEL CELLS
Ruthenium-Rhodium Alloy Electrode Catalysts
LG CHEM. LTD European Appl. 1,771,903
An electrode catalyst for a MEA is made from a
RuRh alloy, where each element is present in 10–90
mol%. Supports may include porous C, conductive
polymers or metal oxides. The catalyst has good O2
reduction activity and MeOH resistance and can be
used for a cathode in PEMFC, DMFC, etc.
Platinum-Containing Electrocatalysts
HONDA MOTOR CO LTD World Appl. 2007/024,489
Compositions formed from alloys of Pt and W with
one of Ni or Zr can be used as a thin film electrocat-
alyst in a fuel cell assembly. A first composition
contains (in at.%): 20–45 Pt, 30–70 W and 5–25 Ni;
preferably 20–40 Pt, 35–55 W and 15–25 Ni. A sec-
ond composition contains (in at.%): 20–45 Pt, 30–70
W and 5–40 Zr; preferably 30–40 Pt, 30–45 W and
15–35 Zr.
Hydrogen Purification Membranes
D. J. EDLUND et al. U.S. Patent 7,195,663
A steam-reforming fuel processor for production
of substantially pure H2(g) from a C-containing
feedstock plus H2O includes a steam-reforming
catalyst and a H2 separation assembly. At least one
H2 selective membrane is included, made from Pd
or a Pd alloy such as PdCu, which may further
incorporate ~ 5–250 ppm C, preferably < 100 ppm
C. The fuel processor as claimed may be used in
combination with a fuel cell stack adapted to
receive the product H2(g) stream.
Gold-Platinum Alloy Nanoparticles
C.-J. ZHONG et al. U.S. Patent 7,208,439
C-supported AuPt nanoparticle alloy catalysts for
fuel cells, especially those using MeOH as fuel, are
claimed. The Au:Pt ratio can be controlled in the
range 1:99–99:1, and is preferably between
50:50–80:20. Supports may include C black or
C/TiO2. Bifunctional electrocatalytic activity is
demonstrated towards CO and MeOH oxidation and
O2 reduction. Both anodes and cathodes may be pre-
pared from the same catalyst material.
Production of Fuel Gas
IDEMITSU KOSAN CO LTD Japanese Appl. 2006-286,552
Fuel gas for SOFCs to be operated in mid- and low-
temperature ranges can be produced using a
reforming catalyst containing at least one of Ru, Pt,
Rh, Pd and Ir, preferably Ru, on a support selected
from MnO and CeO2, which may further incorporate
Al2O3. Reforming processes may include partial oxi-
dation, self-thermal reforming, steam reforming or
CO2(g) reforming.
Membrane Electrode Assembly
SAMSUNG SDI CO LTD Korean Appl. 2006-0,108,108
A MEA for a PEMFC includes an anode and a
cathode facing one another, with a PEM between,
and can be applied to a high-temperature type poly-
benzimidazole-based polymer. At least one of the
electrodes includes an electrode base having a sheet-
like catalyst layer of thickness 10–100 μm, which
contains a catalyst selected from Pt, Ru, Os, PtRu,
PtOs, PtPd or PtM (where M = Ga, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu or Zn).
MEDICAL USES
Demethylcantharidin Platinum Complex Isomers
CHINESE UNIV. HONG KONG European Appl. 1,749,831
Stereoisomers of the demethylcantharidin Pt com-
plex are claimed to inhibit growth of cisplatin,
carboplatin or oxaliplatin-sensitive or -resistant
tumour cells. Isomers may include a cis-isomer, a
trans-S,S(+)-isomer, a trans-R,R(–)-isomer or a trans-
racemate and may be incorporated into a
pharmaceutical composition with a carrier.
Ruthenium Complexes for Treating Cancers
UNIV. LOUIS PASTEUR European Appl. 1,776,103
Novel Ru complexes are claimed which can be used
for the treatment of various cancers, including cis-
platin-resistant cancers, separately or in combination
with other treatments. The claimed structures may
include 1 or 4 of either halogens or electron-donating
ligands containing N, O, P or S, plus a metallocycle
of 5–8 atoms coordinated via N.
Impeller for Rotary Ventricular Assist Device
C. R. SHAMBAUGH et al. U.S. Appl. 2007/0,078,293
An impeller for an implantable blood pump is made
from a magnetic alloy containing 70–80 wt.% Pt and
20–30 wt.% Co. The alloy may be heat-treated to
improve its magnetic properties.Why is platinum used over other catalytic mate-
rials such as silver or gold?
The role of platinum in catalytic converters is
to oxidise carbon monoxide (CO) and hydrocar-
bons. Platinum is particularly effective at this
under oxygen-excessive conditions, so is often the
metal of choice for diesel applications. For petrol-
powered vehicles (where there is a balance
between reductants and oxidants in the exhaust
gas), platinum and palladium can be equally effec-
tive, and so the choice is often made on the basis
of relative cost. The three-way catalyst used for
petrol vehicles must also be able to reduce NOx to
nitrogen as well as oxidise CO and hydrocarbons
– that is why rhodium is generally used in addition
to platinum or palladium.
Of course, some of the other transition ele-
ments are also capable of catalysing oxidation
reactions. However, platinum has several advan-
tages:
– it has a high melting point;
– its interactions with ‘poisons’ (such as sulfur 
compounds) are limited to the metal surface;
– it can be efficiently recycled.
Although its high melting point may seem irrel-
evant, because the platinum will never come close
to that temperature during use, it does provide an
indication of its overall thermal durability. In a cat-
alytic converter, the metal is in the form of
nanoparticles, which are dispersed over the entire
surface of a highly porous support material. As the
temperature of the catalyst rises, the particles start
to become mobile and can coalesce – this is called
sintering, and becomes particularly noticeable as the
metal approaches its Tammann temperature, at
which bulk mobility of the metal particles
becomes measurable. This temperature is often
taken to be half the material’s melting point on the
absolute temperature scale (1). Metals such as gold
and silver have a Tammann temperature (see
Table I) that is well below the average exhaust-gas
temperature (600–700ºC) for a petrol car being
driven on a motorway, and so this precludes their
use in three-way catalysts.
In addition, metals such as silver and copper
have a high affinity for sulfur-containing mole-
cules, with which they will react to form
compounds (such as metal sulfates or sulfides). As
this happens, there will be progressively less metal
available for the useful reactions to take place.
Platinum is different because it tends not to
become totally or irreversibly poisoned, i.e. sulfur-
containing molecules inhibit rather than poison
platinum-based catalysts (see also (2)).
S. E. GOLUNSKI
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FINAL ANALYSIS
Why Use Platinum in Catalytic
Converters?
DOI: 10.1595/147106707X205857
Table I
The Platinum Group Metals and Their Nearest
Neighbours, Showing Atomic Number, Chemical
Symbol and Tammann Temperature (ºC)
25
Mn
485ºC
26
Fe
630ºC
27
Co
610ºC
28
Ni
590ºC
29
Cu
405ºC
43
Tc
975ºC
44
Ru
990ºC
45
Rh
845ºC
46
Pd
640ºC
47
Ag
345ºC
75
Re
1450ºC
76
Os
1375ºC
77
Ir
1085ºC
78
Pt
750ºC
79
Au
395ºC
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